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1.  EXECUTIVE  SUMMARY  AND  Ci't'CLU"  I  : 

This  final  repor  r  describes  me  aevelopnent  of  a  lov-cos?  ship-co-ship 
ore:  '.a  1  communications  svst.es-  tinner  a  si:-: -month  Phase  i  Small  Business 

I  nr.  ova  live  Research  <  SB  I R  )  contrac ' . 

Laser  communication  systems  nave  been  developed  toi  use  a'  fixed  ground 
stations,  or.  aircraft,  and  on  ra'ej.^.  i  tes .  However .  tney  have  not  been 
successfully  utilized  in  sh : p - •  >>- sn i p  applications.  Tne  difficulty  is  that 
snips  nave  large,  random  linear  ana  angular  motion,  vhich  in rer feres  vith 
holding  a  narrow-beam  laser  on  an  optical  receiver.  This  study  prepared  a 
conceptual  design  of  a  relatively  chorf  range,  low -power  ship- to-ship  system 
mat  would  operate  under  severe  sea  conditions.  The  emphasis  of  the  study 
■-as  on  the  design  of  a  lov-cos l  gimbai  set  and  its  associated  tracking 

f’/C  ^hT  . 

Teals 

The  requirements  for  a  ship- to-ship  OCT  are  not  veil -defined  and  the 
: esc  i  remen ts  selected  as  pair  of  this  s'udy  are  viewed  as  goals.  The  three 
goals  mat  influenced  the  design  significantly  are: 

1)  To  communicate  over  a  distance  of  15km  under  favorable 

amospneric  conditions,  i.e..  transmission  greater  than  30%. 

2)  To  transmit  5  /  in'  bits  per  second  vith  an  error  ra*e  less  than 

_  b. 

10  this  will  handle  two  real-time  video  signals. 

:)  To  communicate  continuously  under  a  condition  of  severe  ship 
motion,  i.e.,  that  correspond  to  sea  state  8. 

There  are  many  other  character’ nt i cs  of  an  OCS  having  to  do  vith  operation 
and  maintenance  that  make  an  OCT  a  desirable  addition  to  an  overall  navai 
:  ormr  :  ca  1 1  on  sys'em.  The  general  characteristics  ate  described  m  this 

ti.i—arv.  StiDseduent  se'-  r  ions  contain  more  details. 

'..I  Design 

Tne  design  vac  considered  it.  terms  of  three  subsystems:  1)  gimbals,  beam 
pointing,  and  controls.  2)  optics.  laser.  and  detector.  and  :)  data 
transmission  systems.  A  relatively  detailed  design  was  developed  for  the 
gitncals .  beam  pointing,  and  associated  'controls.  The  optics  and  data 
-  -  *  em  s  were  considered  in  sn  f  f  i i  °n f  detail  m  estimate  mc  m  re  and 

"■aft  '  f  the  component  r  that  '  :u  control  r.T'fT  must  drive  and  '  v  er'imate 

t r.e  near.  pointing  error". 


c  B I P  -  ' Z  f. 

1  Repo:' 
Ma X  -■So 


svi.ema  t  r  c  of  ar  : ::  vhich  "ne  .aser  '  ranrr : '  »e:  .  t  ne  .  arse  ’re 

dam  :  e  i  ve  :  i  .a  :  e  '•:*=-  ■.  a  e  njir  .  .  paTn  ’?  9 1  m'  vn  :  ■  Fig  ire  .  -  1  .  -  'V'!  <?" 
.  i  seiara  tfc  '  :  a:r  ,  '  ’  .hi;  dm*,  i  et  e.  .  i.’ig  "pt  ions  on  ’  he  sj  :'fc  ..-a  t  ve  g  :  i  ’ 
was  ccns  .deter  but  :  -  no*  iwia’ei.  -.gure  X  L  gives  anomer  v :  tv  of  tr.c 


re-'  i  gc . 


The 

:e:nani:a* 

*n f : gura t : on  c: 

the  -merging 

n  e  s  :  £  n  consists 

ct  a  toar.se 

a  z 

v.  * :  .  timbal  vni*. 

_f:  drives  a  sea.e 

r:  i  y  1  i  n  d  i  i  c  a  i 

•  in  i  t  which  com 

a  in s  all  of 

me 

s  and  tne 

coarse  ere vat  ion 

d ii'.e.  A  se 

parate  computer 

nor  shown  in 

r  r.e 

f.zjree  nanc.; 

;es  'he  signal 

processing;. 

control  auger 

:  -  n  rr.  r  .  a  n  c 

'via  es  vi  t  t:  frit  .;>  '  he :  oh  id' s  comnunicat  ion  funct  ionr  . 


Comme:  :ai.  pre loaded  ball  leasings  ate  used  for  both  gimbals .  ""he  '•oat  se 
gimDa.  s  are  ar: .en  by  elec  trie  motors  through  a  unique  but  inexpensive 


capstan  and 

cable  system.  The 

f  me 

point! 

ng  of  the  laser 

beam  is 

a  c  ^  o  mi  d  1  i  s  ned 

by  fas'  s’eermg  rr : 

[  rror 

s.  The 

i  liust  rat  i  on  show"* 

separate 

az i tu r r.  and  e 

legation  fast  -'steering 

rr  i  r : 

ors:  however.  a  single  ?-axi 

s  mirror 

is  .ivailaoie 

single  system 

can 

pro-  ide 

complete  36C°  commun 

i c  a  t ion; 

r.  o  v  e  r  .  o  bs1; 

rue*  ion.'s  r  i  most  ships 

v  i  i  1 

o  i  c  t  a f  e 

me  need  for  two  sv 

s '  ems 

Tie  :r ique  feature  of  ’he  design  ir  ' ne  use  of  nes’ed  control  loops  which 
rece:  •  azimuth  and  elevation  error  signals  from  a  quad  cell.  These  control 
locos  reject  Doth  'he  large-amplitude,  low-frequency  angular  motion  of  the 
snips  o.ie  to  sea  state  and  the  nigh- f : equency .  small  amplitude  vibrations 
induced  toy  ’he  snip  upon  vn i  -h  the  svstem  is  mounted 

The  late:,  which  is  a  small,  inexpenr.  i  mV  TaAlAs  diode  laser,  serves 
'he  C...-.1  function  of  acq1  isition  anr,  oat  a  transmission.  The  beam  will  be 
detocusec  to  speed  up  the  search  and  targe'  acquisition  process. 


h'ner  tea's; res  of  the  re  <•>  inchwie  a  retro-reflector  inside  the  exit 
window  augmented  by  ref  lev. or  'ape  on  tie  outer  surface  to  establish 
con ta" '  between  pairs  of  systems  'ner  components  no'  shown  in  the 
ilins'ra'ion  are  the  position  encoders  or.  'ne  coarse  gimbals.  a  horizon 
sensor.  or  a  gyro.  The  .ittei  sensors  are  needed  to  provide  an  inertiallv 
stable  search  pattern.  A  summary  of  the  important  character ist i cs  of  the 
concep'aai  design  are: 


F i ei d-of- regard  azimu'h 
Fiel d -of -regard  elevation 
Coarse  gimbal  bandwidth 
Coarse  r: miial  re;«c ' ior  a'  X  Hr 
Fas'  s'eenng  mirror  oandv .  d  ’ ;. 

Fas'  s  *  e :  r  i  ng  mirror  '  e  j  e c  '  ;  >' > r.  a  '  1  <  r  ■  Hz 
Input  i/ic  i  i  r  t  er  .  rms 
Residual  beam  j  i  t ' *=  r  -  rms 
Focuses  beam  width  for  common;  •  tt  : « «r, 

Im  f  O'*  usee  beam  wain  fi  for  acau.  * ;  on 
A s c r ' u r e  < pt imaty  r : rroi  ) 
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Laser  wavelength 
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15  Hz 
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Figure  1-1.  Schema-  ;r  of  an  Optical  Commit:  i  ca on  ?;. 
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; :  c.  f  i  r r  t  s’ "  0  p  in  initiating  .  ct?.rtinr.  i  na  t  i  on  is  the  •  ^  f  j  cntiuMand  bv 
f;e  DCS  computer  to  contact  another  specif i c  'KS .  An  approximate  direction 
o  me  specified  OCS  viil  shorter,  tne  acquisition  time.  If  the  uncertainty 
"  *ne  direction  is  greater  than  I  degree .  'he  'ranrni f rec  beam  viil  be 
etc- -used  to  2  mr  and  a  search  will  be  started  near  the  apn:  oxitna  te 
: rest  ion  to  the  other  OCS.  The  search  vith  the  def ocusec  beam  viil  scan 
rv-  not  icon  at  1  radian  pet  second-  An  internal  vertical  direction  sensor 
ill  determine  the  direction  tc  me  horizon.  when  a  return  above  a  preset 
nresnom  is  received,  it  is  assumed  to  be  rrorr.  tne  retro-ref  lector  on  the 
'•-P-  nr<t. 


ne  ream  viil  rescan  tne  m re" t ton  of  me  return.  It  it  is  a  persistent 
e  turn,  the  beam  viil  be  refocused  to  3<i  ur  and  a  300  He  spiral  scar,  will  be 
sec  tv  acquire  the  target.  The  target  viil  then  be  maintained  in  track 
uni  error  signals  produced  by  the  quad  cell. 

he  second  OCS  viil  identify  itself  oy  either  modulating  the  retro  signal  or 
v  propagating  its  ovn  beam  to  'he  first  system.  At  this  point  two-way 
o~mi;nication  is  established  and  tne  systems  are  ready  to  transmit  data. 

ircer  poor-seeing  conditions  laser  backseat  ter  or  scattered  sunlight  from 
ne  atmosphere  may  inhibit  acquisition  of  the  retro-reflector  at  long 
a.  ges .  In  this  case  a  pulse  mode  can  be  used  to  gate  out  scatter  energy 
:  -  ‘ne  beam  pa'n.  This  mode  requires  an  approximate  knowledge  of  the 
ar.ge  tc  the  target.  A  second  poor-seeing  mode  uses  a  search  beam  modulated 
kHz .  In  this  case  the  target  return  is  also  modulated  at  the  same 
recuencies:  whereas  atmospheric  backseat  ter  is  relatively  constant .  The 
-.a:,  ra'e  tor  tnese  pool  -  seeing  modes  must  be  reduced:  therefore,  a  360 e 
ear  cr.  will  take  longer  than  the  6  seconds  required  by  a  normal  search. 

Bene  fits 

:  .  system  viil  allow  more  effective  command -and -con r  rol  of  defense  and 
i  t a :.-t  operations  and  viil  pr  ovide  low-cost  ship-tc  snip  optical 
o - s-  -'a  r  i  on  . 


he  sys 'em  could  also  be  adapted  ‘o  any  application  involving  optical 
o— -uni  cat  ion  over  a  short  range  between  moving  vehicles .  Commercial 
pci : ca' ions  would  intrude  airport  and  harbor  operations,  remote  site  TV 
rs,ac  casting.  ana  commano • ana-sort  r  ol  for  medical.  nolice.  and  fire 
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digs  Data  Rate 

Small  Transmitter  and  Receiver 
Secure  Communications 
Lov  Transmitter  Power 
Rapidly  Developing  Laser  Technology 

Similarity  to  Ship-ro-A.ir  and  Ship- to-Sa tei 1 1 te  Communication 
.5  Conclusions 

TA ’ s  conclusions  can  be  summarized  follows: 

1)  Nested  control  loops  will  lead  to  an  inexpensive  optical  system 
fot  snip-to-ship  communication. 

2)  The  concept  can  be  demonstrated  in  the  laboratory  using  mostly 
off-the-shelf  components. 

;}  The  concept  is  low-risk  anc  based  on  current  technology. 

- )  A  phased  piogtam  will  demonstrate  the  tracking,  acquisition,  and 
communication  functions. 


r-T~-i''  r  ;  r.„  :  Tepo:  • 

u  a '  ■< t 

r.  :  :.'tp  ''oucT 

Advantages 

a*  communication  links  have  several  advantages  for  ship-  to- ship 
cations  eve:  current  operational  systems  at  radio  frequencies.  Key 
re«  that  rrjK(>  a  ]  asei  -based  .  op'  i  ca  1  c  nnwun  i  ca  t  i  on  at*  rac  1 1  v®  i  nr  lode  : 

1)  High  data  bandwidth; 

I)  Potentially  small  transmitter  and  receive!  hardvare: 

3)  Ease  of  protection  Lion  interception; 

-  )  Low  r  ran'tmi '  rer  pover  requirements: 

l)  Promising  technology  advances  to  impiemen'  optical  signal 
generation,  multiplexing,  detection,  and  demultiplexing; 
c  )  Potential  similarity  vith  surf  ace- to-sa tei  1  i  te  and  surface-to- 
aircraf:  communication  systems. 

The  advantages  of  optical  communication,  however,  are  linked  explicitly  to 
reliable,  maintenance- f ree .  low-cos'  pointing  and  tracking  systems  to  link 
the  transmitter  and  receiver  in  the  presence  of  large  amplitude  ship  motion. 
These  systems  are  required  so  that  a  small  optical  beam  from  the  transmitter 
: an  oe  placed  onto  the  receiver  and  neld  there  to  facilitate  low-error  data 
transfer  over  the  beam.  A  low-cost  ship- lo-ship  optical  communication 
fvc*e~  would  provide  a  very  attractive  shot"  range  alternative  to  radio  and 
t.  crtiwave  systems. 


Technology  Review- 

Design,  fabrication,  assembly,  alignment,  and  performance  verification  of 
tiie  optical  and  mechanical  subsystems  historically  have  been  responsible  for 
significant  fractions  of  the  budgets  of  experimental  projects  involving 
precision  laser  pointing-and-tracking.  In  the  late  1960's  and  early  1970's 
the  Air  Force,  the  Navy,  and  the  Army  each  began  R&D  programs  to  exploit 
nigh-energy  lasers  in  weapons  applications.  The  pointing-and-tracking 
requirements  of  these  programs  are  similar  in  technical  difficulty  to  the 
pointing  and  tracking  problem  of  ship-to-ship  optical  communication.  Both 
si ‘ nations  involve  gimballed  telescopes  carried  on  a  host  vehicle  which  is 
undergoing  intentional  trajectory  changes  and  unintentional  vibrations.  The 
propagation  path  through  which  the  optical  communication  (laser)  beam  must 
".averse  is  affected  by  atmospheric  phenomena  (natural.  meteroiogi cal ■  and 
man-maae)  and  by  ooundary  layers  surrounding  'he  host  vehicles. 

The  lessons  learned  from  previous  pt  ograrns  confirm  the  need  for  cos  t 
improvements  in  teennoiogy  for  precision  pointing  and  tracking  systems. 
(Reference  1:  L.  Sher,  Editor.  "Lessons  Learned  from  the  Airborne  Laser 
Laboratory,"  AFVL-7R-83-5 ,  June  1983.  (Confidential).)  Vhile  disturbances, 
size  and  other  requirements  may  differ  between  weapons  and  communications 
systems .  many  of  the  technical  challenges  in  aieas  of  cos'  and  performance 
are  similar  and  nave  been  recognised  as  signi f i can'  research  needs, 
'vr  rer.  r  ly ,  significant  amounts  of  t  esearen  resnui  res  ate  being  expended  in 
•ne  areas  of  sensors .  optics,  and  associated  c‘ru.'urai  c.m*er 
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acquisition.  tracking.  and  pointing.  ( Reference  I:  Mikatymor.  "Laser 
Satellite  Communications.)  Howeve',  tne  empnasis  is  on  very  iaige  space- 
based  and  ground-based  systems  suitable  for  strategic  defense  roles. 
Optical  communication  involving  intersatellite  laser  links  is  also  receiving 
a  great  deal  of  attention.  (Reference  3:  R.D.  Nelson,  T.E.  Ebben,  R.G. 
Marshale  k,  "Experimental  Verification  of  the  Pointing  Error  Distribution  of 
an  Optical  Intersatellite  Link,"  SPIE  Proceedings.  1987).  Unfortunately, 
little  emphasis  and  few  research  resources  are  currently  being  devoted  to 
identification  of  low  cost  pointing-and-tracking  technology  that  will  be 
applicable  for  optical  communication  applications  involving  short  ranges, 
high  vibration,  and  moving  host  vehicles  sucn  as  ship-to-ship  communication 
1  inks . 

The  performance  requirements  for  poin t mg-and - t racking  systems  for  optical 
communication  links  are  demanding  when  either  the  transmitter  or  receiver  is 
on  a  moving  vehicle.  Consequently,  such  systems  nave  in  the  past  been 
costly  to  design  and  manufacture.  This  research  program  seeks  cost- 
effective  technology  and  conceptual  designs  for  the  pointing-and-tracking 
system.  Phase  I  provides  a  design  of  a  low-cost  pointing-and-tracking 
system  which  is  free  of  undesired  complications  and  cost  impacts  on  the 
overall  communication  system. 

Table  2-1.  Previous  Work  in  Optical  Pointing  and  Tracking 


Name  Manufacturer 

Application 

Range 

(km) 

A. 

(pm) 

Beam 

Width 

(MO 

Data 

Rate 

(Mb/s) 

APT  Hughes 

Weapon 

5 

10.6 

10 

CW 

AFT'S  MciJD 

Air-ground 

100 

0.53 

100 

1  Gb/s 

ISL  Ball 

Satellite 

42.000 

0.8 

10 

360  Mb/s 

Comm.  System/ 
Optronics 

Ground 

0.6 

0.8 

800 

70  Mb/S 
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2  .  ;  DESIGN  APPROACH 

The  design  of  a  ship- to-ship  op' i sal  communication  sys'er  involves  many 
scientific  and  engineering  disciplines.  It  requires  a  knov ledge  of  many 
aspects  of  the  ship/ sea  environment  and  the  design  must  consider  the  needs 
anc  operational  constraint?  on  naval  ships.  The  optimum  design,  where  cost 
:?  a  maior  concern,  requires  a  large  number  of  rrade-offs.  many  of  which  are 
beyond  tne  scope  of  this  paper.  The  empnasis  in  this  paper  is  on  the  design 
of  the  gimbal  control  sys'em .  This  section  present?  tne  approach,  the 
requirements  and  some  alternate  conceptual  designs.  Subsequent  sections 
will  present  detailed  analyses  of  the  control,  the  optical,  and  the  data 
s  u  b  s  y  s terns . 

2.1  St udy  Emphas i s 

Previous  R&D  efforts  have  demonstrated  the  ability  to  perform  accurate 
pointing  and  tracking  in  benign  environments  such  as  ground  based  or 
aircraft-based  systems.  The  pointing  j  j  t  ter  measured  during  these 

demonstrations  has  been  in  the  tens  of  microradians  range  which  is  adequate 
for  optical  communication.  There  has  been  no  demonstration  of  this  accuracy 
•re  shipboard,  high-ampi i tude  vibration  environment.  The  same  R&D 
efforts  have  demonstrated  high  transfer  rates  over  laser  links  at  ranges  of 
nur, trees  of  kilometers.  The  data  rates  and  ranges  nave  been  adequate  for 
tne  s.nip-to-ship  system.  «ith  the  exception  of  shor '  -range .  ground-based 
laser  communication  systems,  the  cos r  of  these  previous  Rub  efforts  has  been 
m  use  tens  to  hundreds  of  millions  of  dollars.  What  has  not  been 
demonstrated  is  the  technology  to  transmit  in  the  high  linear  and  angular 
vibra* ion  environment  ot  an  ocean-going  ship.  Therefore.  the  emphasis  in 
this  study  is  to  develop,  in  a  preliminary  design  sense,  the  gimbals, 
con'rols,  and  stabilization  systems  needed  for  a  low-cost  pointing  and 
tracking  system. 

A  conceptual  design  of  the  entire  oo'iral  communication  system  including  the 
laser  and  the  data  transmission  subsystem  will  be  developed  because  the  size 
and  weight  of  these  subsystems  impact  'be  control  subsystem. 

For  example,  the  current  technology  of  small,  light-weight,  easily  modulated 
diooe  lasers  can  be  used  to  reduce  the  weight  on  gimbals  without  the 
complex  beam  transfer  optics  for  an  of f-gimbal  laser:  however,  it  places 
cer'am  constraints  on  the  beam  width  and  '.he  allowable  litter  resulting 
fr-’f  'he  tracking  system. 

2.2  'perational  Scenarios 

Vanv  of  the  requirements  and  constraints  placed  on  an  optical  si  1  -to-ship 
"v'-'e"  become  evident  bv  following  the  step?  'hat  must  be  performed  to 
es'abl ish  communication.  In  rhe  following  scenai io  the  ship  initiating 
'  '••'•-.ur.icat  ion  is  'ef  er  red  *  r.  at  ‘he  *  ransmi  t '  ing  ship  or  system.  The  ship 
be ;  s.g  contacted  rontain?  the  tat  get  which  i  s  'he  aperatnte  of  'he  :  ere: ving 
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•:aiis~i‘  and  receive. 

Target  Acquisition 

Before  tracking  of  the  receiving  system  and  rvo-way  communication  vith  it 
ca - .  be  establ ished ,  several  steps  must  be  executed  which  are  defined  here  as 
target  acquisition.  These  steps  are: 

1 )  The  person  or  computer  responsible  for  iniria,ing  communication 
will  identify  the  ship  to  be  addressed  and  its  approximate 
direction; 

2)  The  communication  system  will  perform  a  search  for  the  target; 

2)  Detect  the  target; 

-i  Establish  closed  loop  Tracking  of  the  target;  and 

5)  Receive  an  answer  back  from  the  target  system  to  confirm  two-way 
communication. 

The  last  step  is  not  required  in  cases  where  the  receiver  has  no  transmitter 
or  does  not  care  to  go  on  the  air.  Both  systems  in  the  communicating  pair 
are  identical  and  each  must  perform  target  acquisition.  The  time  required 
to  complete  acquisition  is  an  important  parameter  and  will  depend  upon  what 
is  Known  about  the  target  location.  Possible  situations  are: 

1:  Approximate  location  of  the  receiving  ship  is  known  through  visual 
or  radar  sightings; 

2)  Several  ships  need  to  be  contacted  and  their  locations  are  unknown: 
however,  the  order  in  which  they  are  contacted  is  not  important; 

2  /  One  ship  of  several  in  the  area  is  to  be  contacted  and  its  location 
is  unknown. 


The  communication  system  processor  will  have  several  acquisition  algorithms 
to  choose  from,  based  on  the  input  information  accompanying  the  request  to 
initia*e  a  communication  link  and  on  the  motion  of  the  transmitting  ship. 
The  following  paragraphs  describe  the  steps  listed  above. 

2.2.2  Initial  Inputs  to  Transmitting  System 


The  identification  code  of  the  ship  to  be  addressed  i s  a  required  input.  A 
desired  input  is  the  direction  to  the  ship.  This  information  will  reduce 
the  search  time.  Without  initial  pointing  data,  the  search  may  tare  times 
on  the  order  of  lr>  seconds  which  is  acceptable  in  most  situations.  An  issue 
is  how  initial  pointing  information  might  be  obtained,  in  what  coordinates 
would  it  be  measured,  and  how  would  it  be  provided  to  the  optical 
communication  system. 


Two  angular  coordinate  system^  can  be  used: 
relative  to  the  ship  and  2;  an  inertial  set 
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e  1*"3 ' :  or  of  *ne  'arge'  vi  1  !  -  r.ange  rapidly  during  maneuver^  <j  i  rough 

vea '  ne  r  ;  there  tore  ,  if  snip-based  coordinates  are  used  .  the  intorir.at  ion  mus  t 
be  transferred  very  rapidly.  An  approximate  ship-based  azimuth  and  the  fact 
that  'he  target  .ill  be  near  'he  horizon  can  be  used  to  reduce  the  search 

The  XS  v ill  incorporate  an  inertial  angle  system.  This  is  required:  (1)  to 
main  tain  a  systematic  search  pattern  vhiie  the  ship  is  tolling.  (2)  to  knov 
■mere  :ne  horizon  is,  and  pernaps  (3)  to  provide  inputs  to  the  tracking 
loops  if  excess: "e  beam  jitter  is  encountered.  The  types  of  sensors  which 
were  considered  -ere  gyros,  magne’ic  compass,  artificial  horizons  oi  .  turn 
and  banr  indicators  of  the  type  used  in  light  aircraft,  and  an  inexpensive 
angular  rate  sensor  developed  by  AT.-..  Incorporating  some  combination  of 
sensors  of  this  type  in  the  OCS  will  permit  the  system  to  slev  to  a  given 
azimuth  ana  elevation  measured  in  an  inertial  coordinate  system. 

The  '-TS  should  be  designed  to  accept  an  initial  pointing  direction  in  either 
snip  or  mortial  coordinates  and,  depending  on  the  accuracy  of  the 
information,  begin  a  limited  search  or  go  directly  to  closed  loop  tracking. 

Trie  'CS  may  lie  slaved  to  a  remote  manual  acquisition  device  through  azimuth 
anc  elevationai  position  sensors.  Tiie  manual  acquisition  device  may  be 
binoc  i.ars ,  a  telescope,  ot  a  simple  gun  sight.  Vlien  f  he  operator  has  the 
t  a  r  ge  t  '.entered  in  'ire  op?  ical  sy"t'  .  a  but  ton  i '  pressed  transferring 
'.on*:'!  to  the  OCS .  If  the-  m  located  vitnin  easy  reach  of  the 

opera's: .  a  telescope  mounted  on  top  of  the  case,  joy  stick  control  on  the 
gimzals.  and  a  button  to  'urn  control  ore:  to  the  tracking  system  provide  a 
convenient  acquisition  means  under  gone  vieving  conditions. 

3.1.3  Targe t  Search 

The  system  computer  will  contain  one  or  more  search  patterns  which  will  send 
'he  appropriate  commands  to  the  fast  steering  mirror  and  gimbals.  The 
pattern  could  be  a  spiral  which  begins  at  the  estimated  target  positions  and 
moves  outward.  The  maximum  spiral  frequency  will  be  limited  by  'he  fast 
steering  mirrors  to  approximately  30°  Hz.  The  radial  advance  per  cycle  is 
approximately  one  beam  width.  The  transmitter  has  a  defocus  capability: 
therefore,  the  radial  advance  could  range  from  30  ur  using  the  narrowest 
beam  to  1  irr ,  which  has  sufficient  beam  energy  density  that  can  de'ect  the 
reflector .  A  linear  search  aiong  'he  horizon  would  reduce  the 
acquis: *  ion  time.  under  some  circumstances.  Figure  3-1  and  figure  3-2 
illustrate  several  search  patterns. 
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:  .  2  .  Targe-  De-er  t  ion 

n  re".:rr.  above  a  given  thresnold  vi  ii  be  interpreted  by  tne  system  as  the 
targe'.  The  target  of  nittr®'!  is  the  i etro-ref lector  on  -he  receiving 
svste*.  The  system  vi 11  occasionally  receive  false  alarms  from  other  par's  of 
tne  receiving  snip's  structure  and  possibly  from  nhe  sea  surface.  The  ratio 
ot  the  signal  from  the  retro-reflector  to  the  detector  noise  is  high  enough 
that  the  probability  of  false  alarm?  resulting  from  detector  noise  is  very 
small.  The  probability  of  false  alarms  from  other  sources  ‘-ill  be 
inves- igated  during  Phase  II.  Because  each  re-urn  above  a  threshold  vil 1  be 
considered  automatically  by  the  system  for  tracking.  the  number  of  false 
alarms  must  be  kept  very  low  so  as  not  to  overwhelm  the  system.  This  system, 
as  dr  most  derec r  ion  systems,  vi  11  nave  a  threshold  adjustment  vh.icn  can  be 
changed  by  the  operator. 


:  .  2  .  2  Tracking 

Each  time  a  return  is  detected,  the  system  '-ill  go  into  a  tracking  mode  and 
analyze  -he  position  of  that  return  and  establish  that  it  is  a  persistent 
return.  The  return  from  a  ret.  ro-reflecor  could  be  modulated  py  the  receiving 
snip  *c  indicate  its  ID.  therer.v  confirming  acquisition  of  the  desired 
receiver. 

A.  search  pattern  for  use  when  track  is  momentarily  broken  could  be  available: 
in  this  case.  the  system  would  immediately  go  to  a  spiral  scan  in  which  the 
beam  is  spiraled  above  the  position  of  last  contact  with  the  receiving  system. 
An  alternative  approach  is  that  the  receiving  ship  could  come  on  the  air  and 
identify  itself  with  its  iasei .  Each  system  would  have  a  repertoire  of  search 
patterns  and  the  amount  of  beam  defocus  available  to  the  operator.  By 
experience.  the  operator  would  select  the  appropriate  pattern  for  the 
situation  at  hand.  The  parameters  the  operator  would  use  to  select  search 
patterns  are:  1)  the  uncertainty  of  tne  position  of  the  receiving  system  to 
he  contacted:  2)  the  motion  of  the  ships:  3)  a  threshold  which  would  be  set 
depending  on  the  number  of  false  returns  expected. 

The  construction  of  the  system  could  be  a  shared  aperture  system  as  described 
in  tne  summary  of  a  two-apertute  system,  in  which  the  transmitting  aperture  and 
receiving  aperture  are  on  the  same  gimbal  but  are  separate. 

Acquisition  mode  is  completed  when  more  than  one  return  above  threshold  is 
received  at  a  particular  location  or  if  the  unique  ID  of  the  receiving  system 
i?  de*?'"  fed .  The  system  then  transfers  to  the  track  mode.  The  method  of 
closing  the  track  loop  depends  on  the  type  of  system  involved.  Two  choices 
are  possible:  1)  a  singular  frequency  system  in  which  both  the  two 
communicating  systems  are  on  the  same  wavelength:  a  protocol  would  be 
established  to  interweave  the  transmitting  and  receiving  functions  while 
maintaining  track.  2)  Using  two  frequencies,  one  for  each  communicating 
svstem.  'he  svstems  could  transmit  simultaneously  and  use  the  incoming  signal 
from  the  opposite  system  as  'he  tracking  signal . 
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3  a  r  a  -  r  a  n  ^  t  e  r 

Once  *  racK  is  es  ’abi  i  shed  ,  Tata  *  ran? ter  you  !  d  beptr.  :  mnec  :  a  *  e  .  v  .  The  b:  t 
rate  :or  data  transfer  would  be  in  'he  T'-i1’'"  megahertz  range.  The  tracking 
loop  vow  lei  be  is.  the  kilotieitz  i  aiige :  therefore,  the  data  bits  super  imposed  on 
the  signal  vou.d  be  invisible  to  toe  tracking  circuitrv. 

2 . 3  Requi rements 

Requirements  for  the  conceptual  system  designed  in  this  paper  reflect  the  goal 
of  the  program,  which  is  that  a  iow-cost  system  be  developed  which  can  track 
vhiie  subjected  to  tne  large  amplitude  motion  of  ships.  The  f ieid-of -regard 
of  the  system  will  be  360°  in  azimuth  and  ^5°  in  elevation.  The  laser  must  be 
an  off-the-shelf,  inexpensive  device  that  will  handle  up  to  l'JU  megabits  per 
second.  The  maximum  range  that  can  be  expected  of  such  a  system  is  about  15 
kilometers  which  is  limited  by  the  curvature  of  the  earth.  The  system  will  be 
designed  to  communicate  under  atmospheric  conditions  up  to  15  kilometers. 

2.3.1  Identification  of  Lowet  Level  Constraints 

AT A  derived  the  following  1  is»  nf  lover-level  subsystem  requirements  and 
cor.s  t  ta.r.ts: 

1)  Pointer  /  tracker  azimuth/elevat ion  coverage; 

2,  Maximum  gimbal  slew  rate; 

1.  Maximum  search-acquisition  :i"e: 

-  Minimum  information  capacity  -it  the  system; 

2  Maximum  error  rate  of  t tie  system; 
s  .  Bandwidth  of  disturbance  rejection  loops; 

~  ;  Maximum  aperture  size; 

8}  Budgets  for  volumes,  weights,  power. 

These  ..over-level  subsystem  requirements  and  constraints  were  essential 
ingredients  in  the  process  of  selecting  the  evaluation  criteria  to  identify 
the  optimum  overall  communication  system. 

2.2.2  Pointer/Tracker  Azimuth /Elevation  Coverage 

Based  on  calculations  of  maximum  sea  conditions.  a  gimbal  coverage  of 
a;  degrees  should  be  sufficient. 

The  need  to  achieve  maximum  range,  maximum  protection  from  sea  varer.  and  360° 
f ;eld-of -regard  suggests  an  installation  as  high  above  the  water  line  as 
possib.e.  The  desire  for  minimum  linear  and  angular  morion,  requites  an 
mstalia'ion  on  a  rigid  structure.  The  desirability  of  shot  r  communication 
paths  for  high  data  rate  signals  suggests  a  location  near  the  communication 
center.  This  latter  location  is  probably  a  reasonable  trade-off  between  the 
competing  requirements.  The  need  for  36r>c  field-of  communication  would  tend 
- 0  place  the  uni*  or  top  of  the  bridge.  for  example.  Two  v.-vcpc  may  be 
requires  or.  a  snip  to  give  a  full  f  ie  Id  -of  -  vi  ev .  The  neeo  *0  maintain 

*.ne  uni*  would  also  place  1*  in  a  relatively  accessible  location.  A  sire  and 
ve.ght  tha*  can  be  managed  nv  a  single  person,  and  *ha*  would  f:r  ♦nrengh  a 


r.a  are  -.es  irar-ie .  Trie  e  .  e;  ' :  ca-  .r  -  'vrained 

; . .  an  a  i i  -  '  i  g r . '  :  i  u :  '  to  preve'i '  : -  '  tr :  i  .  \  '  u .  • .  .  ■  •  - ■  .  •  , 1 1 ri  e i . :  . 

-oncep : ual  Design 

The  work  described  neie  did  no:  at  tempt  :•>  -i*-:  .c.  .p‘  imur.  svtter.  in 

complete  derail.  A  candidate  design  was  established  it.  sufficient  detail  that 
'be  control  system  and  gimbals  so;:  Id  be  designed  and  t  tie  i :  performance 

estimated .  Alternative  designs  for  various  subsystems  are  suggested  at 
several  points.  In  order  to  i 1 iur  t  rate  ’ha',  suiter,'  •  e«~hno  i  ogv  does  al  lov 
variations  which  might  be  needed  to  overcome  terrain  difficulties.  This 
section  discusses  the  candidate  design  fits',  and  then  pnsr;r,,e  alternatives 
are  suggested.  The  candidate  design  is  a  single  shared -aper t ure  system.  The 
optical  systems.  "he  optical  component  and  much  of  the  electronics  are 
contained  in  a  single,  air-tight,  cylindrical  ? * :  ,s  ' nr e .  The  only  optical 
component  exposed  to  the  elements  ; s  rbe  exit  v : ndov .  The  pointing  controls 
consist  of  a  coarse  azimuth  drive  mat  rotates  'he  scaled  uni t  and  a  coarse 
elevation  mirror  which  is  enclosed  in  ‘Trie  sealed  unit.  The  fine  tracking  is 
accomplished  by  a  two-axis,  mirror. 

The  ma'or  elements  ot  the  pointing  and  f racKing  subsystem  for  which 

'  ficnen  t  s  ,  materials,  and  t  e-<  nno ,  og  .  es  were  identified  are: 

1)  Timbal  sets,  including  a'- caters: 

1;  Fixed  and  steered  optical  elements: 

1  Tracking  electronics; 

Digital  con'roi  electronics: 

;  •  A  tracking  i  llurrma'ot  or  beacon  (op'ional ). 


iow-c^s"  ship- to-ship 

following  design  as  being  "he 
optical  commur, i  _a"  ion  system  ( 

nios 

see 

t  prac'ical 
Figure  2-2). 

for 

the 

Tne  'op  of  the  system 

rotates,  while  'be  bottom  part 

i  s 

attached  to 

t  he 

base 

vi's.  isolation  built  into  it  to  prevent  transmission  of  vibrations  of  low- 
frequency  motion  caused  by  the  waves  and  ship.  r.  15-centimeter  'eiescope  is 
used.  The  shared  aperture  is  also  time  shared.  The  whole  azimuth  housing 
'urns  and  is  driven  by  a  motor .  The  bo". om  part  is  fixed  and  does  not  need  to 
'urn.  This  design  also  uses  an  optical  window.  It  is  possible  to  spoil  the 
beam  during  acquisition  and  then  to  narrow  it  during  tracking.  The  glass  has 
a  secondary  glued  to  it. 

AT.-,  -al  culated  'he  worst  mil  would  be  plus  or  minus  41,  degrees .  w :  '  h  a  pitch 
or  plus  or  minus  1 1 1  degrees .  Therefore,  we  used  plus  or  minus  -c  degiees  in 
'ms  design. 

AT  A  believes  'bar  the  shared  aperture  system  in  this  design,  whirr.  eliminates 
tne  redundancies,  volume,  weight  and  power  penalties  of  a  separate  aperture 
system.  is  another  Key  ei^mert  in  achieving  a  cos’  ef fee" ive  shi p-to-shi n 
op" i cal  communication  system.  Even  "hough  additional  opt i cal  complex: ty ,  such 
as  beam,  spli'ters  and  optical  fil’ets.  arc  some  of  ‘be  penal " iec  associated 
vi'b  a  snared  a her "ure  system,  they  a:c  mo  r  *■  "ban  of  fee*  pv  • n<  reduced 
i.ier'ia  of  the  snared  aperture  svr'<-i.  kedtic  ed  in»t  *  ia  aimv'  *  re  riiai  eh 
aper ’ ure  gimbai  se*  to  he  f abr i cared  w:*h  ] jgn"et  mate:  ;ai'  and  “'.I.  have  "he 
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Schematic  of  an  Optical  Communication  System 
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■  eH  <*•  fni  fra:  stability  under  dynamic  load.  bse  of  1  :  rh  ter  ^'eina 
ne  gimbals,  such  as  composites  ana  plastics,  results  :r.  lover  cost. 

e  i-v  shows  a  schematic  ol  a  tvo-optical  path  system. 


'  CONTROL  SYSTEMS 

* .  1  Definition  of  Requirements  and  Constraints 

The  definition  of  requirements  and  constraints  is  the  most  critical  element 
in  the  identification  of  the  optimum  system  for  low-cost  ship-to-ship 
optical  communication.  ATA  has  identified  these  constraints  in  a  two-level 
process  that  starts  with  top-level  requirements  and  then  derives  lower-level 
subsystem  constraints. 


4.1.-.  Identification  of  Top-Level  Requirements  and  Constraints 

ATA  started  by  identifying  the  following  top-level  requirements  and 
constraints: 

1)  Maximum/minimum  distance  between  ships; 

2)  Maximum  relative  motion  between  ships,  worst-case  sea  state; 

3)  Worst-case  pitch/roll: 

4)  Worst-case  base  disturbance  spectra; 

5)  Worst-case  propagation  medium  characteristics; 

6;  Type/quantity  of  information  to  be  transferred; 

7)  Maximum  transfer  time; 

3)  Maximum  volumes,  weights,  power. 

The  above  constraints  were  then  quantified  with  figures  and  ranges,  and  are 
described  in  the  following  subparagrapns . 


4. 1.1.1  Maximum/Minimum  Distance  Between  Ships 

ATA  is  designing  its  system  for  a  maximum  range  of  15  kilometers  and  a 
minimum  range  of  0.3  kilometers.  Major  considerations  include  maintaining 
line-of-sight  between  the  two  ships  while  accounting  for  the  earth's 
curvature  and  degraded  optical  path.  Considerations  at  short  range  include 
adequate  slew  rate  and  gimbal  angle  coverage  in  worst  case  sea  state. 


4. 1.1. 2  Maximum  Relative  Motion  Between  Ships.  Worst  Case  Sea  State 

One  can  place  an  upper  bound  on  relative  motion  between  ships  by  estimating 
each  ship's  maximum  heave  and  pitch  response  to  hea,r”  seas.  Dynamics  ot 
Marine  Vehicles,  by  Rameswar  Bhat tacharvya  presents  the  pertinent  data  as  a 
function  of  sea  state  and  Beaufort  wind  force.  Table  4-1  presents  typical 
values . 

The  ship's  response  to  waves  sets  the  low  frequency  inputs  and  bounds.  To 
estimate  the  relative  motion  of  ships  in  these  seas,  the  ship's  neave . 
pitch,  and  roll  response  to  tiie.se  amplitudes  must  a. so  he  known. 
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Related  Phenomena" 

by  M . F .  van 
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r  e  s  u  1 

ts  of  experiments  of 

the 

heave 

and  pitch 

response  of 

a 

ship  and  showed 

a  s  t  r 

ong  dependency  on  Froude 

number 

(  F  =  V  i  /  g 
n 

1)  and  the 

ratio 

of  ship 

leng; 

h  fo  wavelength.  The 

worst  case  response 

presented 

was 

at  a  Froude 

numbe 

r  of  o  .  3 

and  a  ship  i 

ength  that 

was  half 

tne  wavelength 

As  shown  in 

Table 

-- 1 .  in 

high  seas  rhe  vaveleng 

*hs  can  be 

very  long 

(400 

to  800  feet ) . 

Some 

destroyers,  frigates, 

and 

submarines  aie 

around  400 

fee 

r 

long,  but 

would 

nave  to 

be  making  30 

knots  to 

achieve  rh 

is  Froude  number 

Since  this 

is  un 

likely  in 

such  high  seas, 

a  more  realistic  estimate 

would 

be  that  the 

reia : 

ive  ship 

heave  would 

be  equal  to  three-quarters  of  the 

wave  height 

*  ft  i  ^  n 

corresponds  to  a  Froude 

number 

of  0.3  and  a  length- 

to- 

wave-length  ratio 

or 


Using  this  factor,  the  worst  case  pain t irig-and- t racking  requirements  occur 

2n^l  _  , 

—  waves  apart.  For  most  ships,  n  must  be  greater  than 


wrier;  the  ships  are 


one  since  ship  separation  will  likely  be  at  least  two  ship  lengths, 
particularly  in  rough  seas.  Accordingly,  for  this  calculation  minimum 
repara* ion  of  1000  feet  (0.300  km)  is  assumed  required.  Table  u-2  presents 
rne  elevation  ancle  coverage  tor  the  two  worse  rough  cea  condi -inns. 
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Induced  Angle 

Separation  (ft)  Angle0 

53.1 

810 

e0 

1215 

1.9° 

45 . 5 

700 

34 

1050 

1.9° 

35.2 

534 

26 

1335 

1.1° 

29.1 

444 

1110 

1.1° 

23.6 

363 

IS 

1 2  7  0 

0.8° 

18.6 

285 

14 

1000 

0.8° 

For  an  angular  pointing  system,  the 
considered  since  these  can  be  signi 
displacement.  From  the  Van  Shijis' 
6  =  1.25(360)/),  at  L/A  -  u.65  at  a 
the  sea  states  previously  analyzed, 
a  *00-foot  ship  at  a  Froude  number 

Table  4-3.  Pi 

Significant  Wavelength  (A) 

Wave  Height  (ft)  (ft) 

pitch  and  roll  of  the  ships  must  also  be 
ficantly  larger  than  the  relative 
book,  we  see  a  maximum  pitch  response  of 
Froude  number  of  0.5.  In  Table  4-3,  for 
we  find  the  following  pitch  response  for 
of  0.3  (17  kr): 

tch  Characteristics 

Pitch 

9/K£,a  =  1  Pitch  (Degrees) 

53.1 

810 

11.8 

13.3 

45.5 

700 

11.7 

13.2 

25.2 

534 

11.9 

11.3 

29.1 

444 

11.8 

6.5 

23.6 

363 

11.7 

5.3 

18.6 

285 

11.7 

1.2 

Since  the  maximum  pitch  would  occur  in  a  different  part  of  the  wave  than 
maximum  relative  displacement,  the  two  effects  cannot  be  added.  The  maximum 
combined  effect  would  be  where  one  ship  is  pitched  down  and  the  other  is  at 

the  top  of  a  wave.  This  would  occur  when  the  ship  was  4n^  wavelengths 

aparf.  The  worst  case  for  the  53-foot  waves  would  result  in  a  1«.4  degree 
look  angle.  To  estimate  roll  motion  a  typical  roll  response  to  a  wave  was 
simulated  (see  Section  4.1.  1.4)  and  the  response  to  the  53-foot  wave  was 
calculated.  This  resulted  in  an  estimated  RMS  roll  motion  of  8.7°.  If  we 
assume  a  Gaussian  distribution,  one  can  say  that  90 %  of  the  time  the  roll 
would  be  less  than  *-26°  (3a).  If  one  wanted  to  include  99%  of  the 
occurrances,  the  limit  would  be  -<-430.  Based  on  these  calculations,  plus 
input  from  operational  Navy  personnel,  the  gimbal  limits  for  the  pointing 
system  will  be  *45°,  driven  primarily  by  roll. 

m.1.1.3.  Worst-Case  Pitch/Roll,  Worst-Case  Sea  State 

A.TA  is  using  values  which  allow  up  to  plus  or  minus  4p  degrees  of  pi  tch  and 
roll.  Yaw  motion  is  minimal  and  azimuth  requirements  drive  the  outer 
gimbal.  wave  periods  of  up  to  10-15  seconds  are  fair  1 y  typical . 
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4. 1.1.4.  Worst-Case  Base  Disturbance  Spectra 

Perhaps  the  most  widely  accepted  spectra  cf  wave  motion  is  the  Pierson- 
Moskovitz  spectrum  from  D.  Hoffman's  paper  "Analysis  of  Measured  and 
Calculated  Spectra",  of  the  form: 

2  4  4  -4 

~  .  ,  n  -  ,  ~  .  4  U>  f  (  b  /i  /  Gc 

S(w)  =  1/3  (=-)  0>  exp  [-  —  — — j 
i2  i2 

4n 

where:  H^,^  is  the  significant  wave  height  in  feet 

T?  is  the  average  apparent  period  in  seconds 

2 

S(w)  is  the  wave  energy  spectrum  in  ft  /(rad/sec) 

w  is  the  frequency  in  radians/second . 

The  Hoffman  paper  compares  this  analytic  form  with  many  measured  spectra  and 

shows  general  agreement.  Figure  4-1  shows  this  spectra,  plotted 

logri thmically ,  using  the  same  values  of  and  T2  as  were  used  in  the 

Hoffman  paper.  Figure  4-2  presents  the  wave  spectra  for  the  worst  case 
wave  we  have  previously  considered  with  H^^  =  53.1  feet  and  T^  =  14.5 

seconds . 

The  Bhat tacharvya  book  presents  analytical  methods  for  constructing  the 
resulting  pitch  and  roll  motion  from  wave  amplitude  spectra.  There  are  two 
effects:  (1)  the  natural  frequency  response  of  the  ship  and  (2)  the 

exciting  moment  for  the  ship,  which  is  a  function  of  the  ship  design  and  the 
vavelength-to-ship  length  or  wavelength-to-ship  width  ratio. 

The  angular  frequency  response  of  a  ship  to  an  applied  moment  is  an 
underdamped  second-order  response.  Table  4.9  in  the  Bhat tacharvya  book 
gives  typical  values  of  the  pitching  time  constants.  These  range  from  4.4 
seconds  for  a  500-foot  destroyer  to  9.0  seconds  for  a  1,040  foot  aircraft 
carrier.  This  would  correspond  to  a  natural  pitching  frequency  of  between 
0.7  and  1.3  radians/second  with  the  higher  frequency  corresponding  to  the 
smaller  vessel.  For  roll,  Bhat tacharvya  states  that  roll  periods  are 
typically  twice  as  large  as  pitch  and  gives  typical  values  ranging  from  9 
seconds  for  a  destroyer  to  17  seconds  for  a  battleship.  Furthermore, 

Bhat tacharvya  states  that  the  roll  damping  coefficient  is  very  small  and 
"the  magnification  factor  may  reach  a  value  between  5  and  10." 
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The  other  factor  is  how  the  pitching  .Moment  is  related  to  the  waves.  The 
Bhat tacharvya  book  shows  that  this  pitching  moment  can  be  calculated  by: 

L/2 

=  og  l  2y  ( x )  £,(  x  )dx 
9  -L/2 

where:  p  =  density  of  water 

g  =  gravitational  acceleration 

y(x)  =  location  of  the  ship's  hull  in  the  vertical  direction 
8(x)  =  wave  amplitude  as  a  function  of  horizontal  ship  station. 

The  Bhat tacharvya  Dook  plots  this  as  a  function  of  the  ratio  of  the 
wavelength  to  the  length  of  the  ship.  As  shown  in  this  reference,  this 
function  falls  off  very  rapidly  where  the  wavelength  is  shorter  than  the 
ship's  length.  The  Van  Shijis'  paper  depicts  the  measured  combined  effects 
of  both  of  these  phenomenon  for  a  scaled  ship.  This  ship  had  a  natural 
pitch  period  of  0.783  seconds  which  corresponds  to  a  natural  frequency  of  8 
rad/sec.  However,  the  experiment  was  scaled  so  that  this  corresponded 
correctly  to  the  dynamic  response  of  a  large  vessel.  Figure  4-3  shows  the 
response  of  the  vehicle  in  pitch  versus  the  ratio  of  the  ship  length  to  the 
wavelength.  Notice  the  sharp  dropoff  at  L/A  =  1.0.  By  fitting  a  straight 

line  to  the  data,  this  falloff  goes  like  (L/A)  Since  the  circular 

frequency,  w,  is  related  to  the  wavelength  by  w  =V/A  =  2jt  where  V  is  the 

T 

velocity  of  the  wave  in  the  •'water ,  we  can  scale  this  by  using  the 
approximate  wave  velocity  at  a  given  sea  condition.  For  the  53.1  foot  wave 
condition,  this  velocity  is  approximately  350  feet/second.  The  ratio 
plotted  in  Figure  4-3  is  Qa/kEa.  If  we  model  the  high  frequency  behavior  of 

this  ratio  as  a  falling  off  by  (L/A;-^,  beginning  at  (L/A)  =  1,  one  can  show 
that: 


9a 

8a 


2ji 
,  6 


A 


5 


By  relating  this  to  the  circular  frequency,  w,  using  the  wave  velocity 
relationship  above,  one  finds  that: 


9a  _  ( 2 itV" )  \  rad 

8a  6  5  ft 

L  <*> 


Using  values  from  above,  one  has  a  high  frequency  behavior  of: 
9a  .8  mrad 


8a 


ft 


in  the  region  where  L  >  A. 


D  1  , .  „  9a  -  rt  vit  mrad 

Below  that  region  -r—  =  —  -  —  w  =  I800  — -r— . 
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Using  these  two  relationships,  one  can  snov  that  L  >  =  1  corresponds  to  u>  = 

0 . 90  rad  sec  for  our  *00- foot  snip.  To  construct  a  frequency  domain  model 
of  this  response,  it  is  assumed  that  the  denominator  can  be  approximated  by 
three  second-order  systems  vith  natural  frequencies  w,  .  u)0 ,  <*,■, ,  and  damping 

ratios  Ej  ,  E, ,  and  E^  •  One  of  the  natural  frequencies,  oo,  .  vill  correspond 

to  the  natural  pitching  motion  of  a  small  ship,  such  as  a  destroyer.  For 
this  case  =  1.3  rad/sec  and  we  assume  a  damping  ratio  of  E^  =  0.5.  For  a 

Froude  number  of  0.3.  there  is  a  peak  of  about  14*  at  L/ A  =  0.5.  This  would 
correspond  to  a  damping  ratio  of  E?  =  0.5  and  a  natural  frequency  of  = 

0.64  rad/sec.  The  third  natural  frequency.  w_, ,  is  set  to  that  corresponding 

to  L  >  =  1  which  is  =  0.90  rad/sec.  The  damping  ratio  was  selected  so 

that  the  normalized  pitch  response  would  have  a  unity  gain  at  this 
frequency.  This  results  in  E-;  =  0.60.  The  resulting  analytic  frequency 

J 

response  is  shown  in  Figure  4-4.  which  appears  very  similar  to  Figure  4-3. 
The  analytic  expression  for  this  function  is: 


e 

KEa 


U).  OU^  (D, 


(S'^E^S  +  uCk?'  -2E2^S*oo2‘-)(S‘'*2E30U3S*u)3t) 


to  v : 


,2n 


'.£  -  2 it/ A  =  (t j~)  w  on  the  right  side  of  the  equation,  one  has: 


e 

Ea 


(0.018X^1  “2  W3  )S 


(S^  +  ZE^WjS^w^  XS^'ZE^oo, 5-w0,')(S‘'*2EtW3s*uj‘) 


rad 
ft  ’ 


This  last  response  function  is  calculated  and  plotted  in  Figure  4-5.  When 
'his  response  is  subjected  to  the  wave  spectra  shown  in  Figure  «-2.  the 
resulting  base  motion  spectrum  is  as  shown  in  Figure  4-6. 

A  similar  process  was  followed  to  estimate  the  roll  spectrum.  In  this  case, 
the  natural  rolling  motion  of  frequency  was  adjusted  to  be  half  that  for 
pitch  (w  =  0.65  rad/sec)  and  the  damping  ratio  (  E-,  )  '-'as  adjusted  to  be 

0.05.  which  correspond?  to  an  amplification  factor  of  1".  The  other  two 
frequencies  were  adjusted  for  the  difference  between  the  rolling  moment 
coefficient  and  the  pitching  moment  coefficient.  There  was  no  data  given  in 
the  Van  Shi j is'  paper,  therefore  we  assumed  we  could  substitute  the  width  of 
the  ship  (assumed  to  be  55  feet)  for  the  previously  assumed  aQO-foot  length. 
This  resulted  in  shifting  and  u  to  4.65  and  6.53  rad- sec  respectively. 


Figure  4-7  shows  'he  roll  r 
depicts  the  resulting  roll 
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-.1.1.3  Calculation  of  LOS  Disturbance 
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Tl.e  system  must  also  remove  the  relative  motion  of  the  two  ships  due  to 
tneir  individual  heaving  motions.  The  angle  between  the  two  can  be 
calculated  approximately  as: 


9 


LOS  ' 


n 


R 


where  ,  Z, .  are  the  vertical  displacements  of  tvo  ships  ano  R  is  the 

4_  1 

separation  distance.  If  the  motions  were  unco. rela t ed .  one  could  calculate 
the  PSD  of  the  angular  motion  by  adding  the  two  displacement  spectra  and 

then  dividing  by  R*- .  However,  in  this  case  the  motion  is  correlated  at 
snort  distances,  therefore  we  can  bound  the  problem  by  calculating  the  angle 
spectrum  as: 


$ 


LOS 


(co) 


4  (  u>) 


Again,  we  must  compute  the  effective  frequency  response  of  the  ship  related 
to  the  circular  frequency,  <u.  For  a  Froude  number  of  0.3.  the  normalized 
heave  response  is  0.1  at  L/A  =  1.0.  Accordingly,  for  the  heave  response,  we 
will  assign  w,  =  (0.75) (0.90)  at  1.68  R.'sec  and  E^  =  0.7.  Ue  will  maintain 

=  1.2  R/sec  with  E-,  =  0.3.  To  achieve  a  response  of  0.37  at  w„  =  Ci.Q0, 

_  J  4- 

requires  =  0.5.  Therefore,  the  neave  response  has  the  following 
frequency  responses: 


Z 

Ea 


(“l 


w- 


w-, 


) 


( S^-2  E.  00.  )  ( S^*2  E- *2 

III  il  *1  4_  -  -1  i 


un  =  0.68  R.-sec  E,  =0.7 

1  i 

=  0 . 90  E„  =  0.3 

u.-  =  1.3  E,  =  0.5 

Applying  this  transfer  function  to  the  wave  spectrum  shown  in  Figure  4-2 
results  in  a  ship  displacement  spectrum.  Assuming  a  minimum  sepai at  ion  of 
1 . 00i 1  feet,  ‘ ne  resulting  line-of-sign*  spectrum  is  shown  in  Figure  --Q. 
These  spectra  can  now  be  used  to  design  the  pointing  ana  ‘racking  system. 
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lasp  Propagation  Medium  Characteristic' 


V hen  optical  communications  occurs  over  a  direct  1 ine-o£ -s i gh t  parh,  as  is 
-he  case  here,  the  propagation  analysis  is  concerned  vith  radiant  flux  on  a 
receiver  apertcic.  Here  ve  consider  the  losses  due  to  the  atmosphere. 
Atmospheric  absorption. scattering  at  ootical  frequencies  limits  the 
separation  oetveen  ships.  This  is  due  primarily  to  the  high  absorption  and 
scattering  coefficients  of  sea  vater.  Beam  clearance  above  the  sea  surface 
is  of  paramount  importance  for  tvo  major  reasons:  1)  m  reducing  the 
probability  of  waves  breaKing  the  line-of -sight  and  2)  in  reducing  the 
amount  of  sea  mist  and  spray  over  the  path  to  a  minimum.  Using  simple 
geome'ry  vith  tvo  ships  placed  on  the  surface  of  the  sea.  ve  approximate  the 
1 „ ne-o f -s i gh t  separation  betveen  the  ships  by 

R  =  2  .'‘2  (h  -  h  )  R 
p  c  E 


Radius  of  the  earth  <  =  6x10  rr) 


h  =  height  above  the  sea  level  of  'he  platform  carrying  tne 
transmi fter-reoeivpr 

n  s  height  above  'he  sea  ieve-  of  'he  1 i ne-o f - s i gh t .  :.e..  the  line- 
of-sight  cie?.-  *nce  aoove  sea  level 

R  .  line-of -sigh'  range  between  *he  communicating  ships  (See  Fig. 10). 
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Figure  4-10.  LOS  Calculation 
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Figure  4-11.  Atmospheric  Conditions 


APPLIED  TECHNOLOGY  ASSOCIATES,  INC. 
88R0006/mh 


ATA  Memo  SBIR-025 
PATSOC  Final  Report 
May  1988 


For  a  clearance  of  10  meters  (h^  =  10)  and  package  height  of  15  meters  (h^  = 
15)  the  maximum  ship  separation  is  approximately  15.5  kilometers. 

This  derivation  is  shown  below: 

bp  =  height  of  pole  or  mast  carrying  XTR/RCVR  above  sea  level 

h^  =  beam  clearance  height  above  sea  level 

A  =  h  -  h 
?  c 

R„  =  Radius  of  earth  =  6xl0^m 


*  hc)  *  A  _  A  2  2 A  J  2  A 

(*E  +  hcJ  C*E  +  hcJ  =  (*E  +  hc)'  =  (*E  +  hc) 

(Range  =  R): 

?  *  (*E  *  hc)  e  •  /2S  Pe  *  hc)  -  -2  ("p  -  hc  )  E  2 


R  =  2  /ZAR  depends  on  A  only  (approximately)  whereas  h  is  determined 
E  P 


by  h„. 


Example:  For  h^  =  15m;  h^  =  10m;  A  =  5m;  R  =  2/2x5x6  10  m  =  15.49  km. 


4. 1.1. 7  Atmospheric  Transmission  Calculations 

The  path  that  the  beam  travels  from  one  ship  to  the  other  passes  closest  to 
the  water  surface  at  the  midpoint  between  ships,  so  let  us  break  the  path  up 
into  the  following  atmospheric  conditions  for  calculation  of  one  way 
t ransmi t tance  for  15.49  km  (approximately  16.0  km)  range.  See  Figure  4-11. 

First  3  km:  60%  saturated  air  at  23°C 
Next  4  km:  saturated  air  at  23°C 
Next  2  km:  haze  and  mist 
Next  4  km:  saturated  air  at  23°C 
Last  3  km:  60%  saturated  air  at  23°C 


4  - ;  r-> 
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The  portion  of  'he  path  nearest  to  the  ocean  surface  (approximately  2  km)  is 
modeied  separately  as  a  region  of  rain/ mi s t /haze . 

The  path  attenuation  due  to  tms  atmospheric  segment  is  calculated  for 
several  wavelengths  as  follows: 

r  ; x  =  o . Sum )  =  0.5 
T  (a  =  0 . 8um )  =  0.69 
T  (a  =  1 . 7 um)  =  0.77 

(Reference:  Hudson's  "Infrared  System  Engineering,  Table  4-13;  pg.  164). 

An  intermediate  segment  of  4  km  is  modeled  as  100%  saturated  air  and  water 
vapor  mixture.  The  outer  segments  are  modeled  as  60%  saturated  air  and 
water  vapor  mixture.  The  amount  of  precipitable  water  in  these  segments 

=  2  {4  X  20  *  3  x  17}  =  232  mm  of  H„0. 

i. 

We  will  approximate  it  as  250  mm  of  H.,0. 

Path  attenuation  at  a  given  wavelength  for  this  amount  of  precipitable  water 
is  obtained  from  standard  references  (Rand  Report,  pp.  898,  July  1956). 

Total  one  way  transmittance  for  the  assumed  range  model  is 

for  X  =  0. Sum,  T  =  0.351125  x  0.5  =  0.1756 

for  X  =  0.8pm,  r  =  0.4618  x  0.69  =  0.3186 

for  X  =  1.7Um,  T  =  0.89  x  0.77  *  0.685 


The  table  values  for  absorption  and  scattering  vary  with  wavelength  by 
orders  of  magnitude.  A  window  for  absorption  and  scattering  resides  in  the 
range  from  a  wavelength  of  400  to  600  nanometers  (nm).  There  are  several 
choices  of  available  lasers  in  this  region.  The  EXIMER  laser  wavelength  at 
451  nanometers  is  an  excellent  choice  but  is  expensive  and  bulky.  The 
compact,  inexpensive  GaAs  laser  diodes  present  a  poor  choice  with 
wavelengths  from  750  nanometers  to  880  nanometers.  A  good  compromise, 
however,  is  the  laser  diode  pumped  doubled  Nd : YAG  laser.  This  gives  a 
wavelength  of  530  nanometers  with  good  propagation  characteristics  through 
water  saturated  air  and  rain.  This  device  is  small  and  rugged,  and  with  the 
pumping  being  performed  with  GaAs  laser  diodes,  the  lifetime  is  in  the  tens 
of  thousands  of  hours. 

For  each  of  the  beam  pathway  sections  we  use  500  nanometers,  slightly  lower 
than  the  530  nanometers  doubled  Nd:YAG  only  because  studies  using  a  500 
nanometer  wavelength  are  readily  available  in  atmospheric  tables.  For  the 
path  sections,  we  find  that  the  major  contributor  to  losses  is  in 
scattering.  Ue  therefore  ignore  absorption  losses  and  consider  only 
scartering  (reference  Deirmendj ian,  1964).  For  a  rough  order  of  magnitude 
of  the  transmission  through  the  16  km  path,  we  have  at  500  nm  the  sum  of 


Memo  SEIF-  :; 
'  rinal  Repot  ' 
May  1986 


prec  ipi  table  Hv'1  =  250  mm  vith  a  t  ransmi  t  tar;c=  of  ' .  3'<*  7  (Table?  -- ? .  4-7 

arc  Figure  4-3.  Hudson).  Fot  the  2  km  of  haze  we  have  a  t: ansmi t  tance  of 
acout  0.5,  the  total  transmittance  is  then: 

T  =  ( O’ .  3967)  (0.5)  =  0..193!  (Table  4.13.  Hudson i 

for  toe  entire  16  km  path  which  is  very  close  to  the  T ( a=c . 5um )  obtained 
from  the  Rand  report  above.  For  a  more  precise  analysis  of  the  propagation 
transmittance  and  bound ry- layer  effects  the  LOwTRAN  simulation  package  can 
be  run.  For  the  next  phase,  an  in-depth  analysis  viii  be  run  which  should 
:ielp  narrow  down  the  appropriate  wavelength  of  operation. 

- t hough  we  have  presented  only  a  rough  order-of-magni  tude  analysis,  we  have 
found  that  we  have  atmospheric  losses  that  ate  reasonable  for  incorporating 
into  tne  design  of  the  ship-to-ship  1  i ne-of -s igh t  link.  The  ke»  point  in 
mas  analysis  is  that  an  appropriate  choice  of  the  propagation  wavelength 
can  result  in  acceptable  losses,  that  the  doubled  Nd:YAG  or  a  GaAlAs  laser 
diode  may  be  a  good  choice. 

Figure  4-12  shows  atmospheric  transmission  results  for  mostly  clear  with 
lign*  naze  conditions. 

The  srudy  also  considered  the  condition  of  fog  mixed  with  light  rain  and  a 
snow  storm.  Both  tnese  conditions  dramatically  reduced  transmission.  The 
results  obtained  by  ATA  agree  with  tne  results  obtained  by  A.  Goroch. 

Davis .  and  G.  Trusty  in  their  article,  "The  Near -Ship  and  Ambient  Marine 
environment”  in  JDR  (received  net.  !'•>.  1 3R4 ) . 

In  conclusion,  ATA's  study  showed  that  the  best  available  derived  laser 
sources  over  all  meteorological  conditions  were  the  GaAlAs  and  N’d :  TAG  which 
operate  with  approximate  wavelengths  of  0.80  um  and  <1.53  um,  respectively. 

For  communication  purposes,  laser  output  must  be  modulated.  The  diode  laser 
may  be  directly  modulated  by  changing  the  input  current.  The  NdrYAG  laser 
may  be  modulated  via  Q  switching  or  cavity  dumping. 


-.1.1.3  Bandwidth  of  Disturbance  Rejec’ion  Loops 

Using  ’he  spectra  presented  in  Figures  4-6.  4-8  and  4-9.  one  can  determine 
the  minimum  error  rejection  bandwidth  to  achieve  certain  levels  of  residual 
beam  jitter  on  target.  To  provide  a  quick  analysis,  we  assumed  a  Type  II 
Loop  vith  5.  7  and  10  Hz  error  rejection  bandvidths.  Table  below 

presents  tne  residual  jitter  on  the  other  receiver  for  this  bandwidth . 
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•  Naval  Research  Laboratory  Conducted  Study  of  Infrared  Radiation 
Transmission  over  Chesapeake  Bay  under  a  Wide  Range  of  Atmospheric  and 
Meteorological  Conditions 

•  Results  of  Study  are: 
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Figure  4-12.  Atmospheric  Transmission 
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Table  4-4.  Residual  RMS  Motion  With  Error  Rejection  Bandwidths 
RMS  MOTION  ERROR  REJECTION  BANDWIDTH 


DISTURBANCE 

NO  CORRECTION 

5  Hz 

7  Hz 

10  Hz 

Roll  Motion 

151.2  Mrad 

50 . 8urad 

25 . eurad 

12 . 5urad 

Pitch  Motion 

59.4  Mrad 

27.2urad 

1 3 . 9urad 

6 . 8urad 

LOS  Motion 

51.8  Mrad 

9 . 2urad 

4 . 7prad 

2 . 2yrad 

For  a  1-meter  beam  at  15  km,  a  jitter  less  than  32  urads  would  be 
sufficient.  It  is  clear  from  Table  4-3  that  the  error  rejection  bandwidth 
needs  to  be  between  5-10  Hz.  For  a  5  Hz  loop,  the  roll  motion  is  too 
severe  while  the  LOS  is  adequately  rejected.  At  a  10  Hz  rejection 
bandwidth,  even  the  worst  case  residual  is  adequate.  The  10  Hz  bandwidth  is 
adequate  for  coarse  gimbals.  Actual  loop  implementations  must  be  considered 
to  pick  the  bandwidths  more  carefully.  Also,  when  details  of  the  noise 
introduced  by  the  gimbal  torquer  and  other  high-frequency  vibrations  are 
considered,  these  bandwidths  may  need  to  be  adjusted. 

To  make  an  attempt  at  doing  this,  a  simulated  spectrum  was  generated  to  add 
some  high  frequency  vibration.  These  levels  were  chosen  to  provide,  with  a 
high-bandwidth  loop,  equal  residual  RMS  noise  in  the  high-frequency  bands. 
Figure  4-13  give^  a  combined  LOS  angular  spectrum  low  frequency  plus  this 
added  high-frequency  vibration. 


4. 1.1. 9  Maximum  Aperture  Size 

ATA  plans  a  maximum  aperture  size  of  25  centimeters. 


4.2  Identification  of  Key  System  Elements 

ATA  identified  the  following  components  as  being  key  to  an  optimal  system: 

1)  Nested  optical  loops; 

2)  Digital  controllers; 

3)  Gimbals. 

The  search  for  a  ship-to-ship  optical  communication  system  that  is  optimal 
in  cost  and  performance  was  therefore  constrained  to  shared  aperture  systems 
employing  digital  controllers  to  position  gimbals  and  steering  elements  in 
multiple,  nested  control  loops.  Such  a  configuration  provides  a  system 
which  is  optimum  in  a  global  sense.  These  components  are  described  in  more 
detail  in  the  following  subparagraphs. 


4.2.1  Nested  optical  loops 

The  use  of  nested  optical  loops  is  key  to  achieving  a  low-cost  poi nt i ng-and- 
tracking  system  for  the  ship-to-ship  communication.  With  nested  loops,  the 
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cor.*  reliable  optical  elements  as  opposed  to  a  single  large  fixed  optica 
mirror  or  telescope.  Single  loop  systems  usually  nave  resulted  in  low 
bandwidth  pointing  -and  - 1  racking  subsystems  because  oi  the  large  iner'ias 
involved  and  finite  actuator  powers  available.  Further,  tney  provide 
virtually  no  rejection  of  high-frequency  base  motions  ana  cisturbances  vh i c n 
are  inevitably  coupled  to  the  pointer .  t racker  line-of-sight  to  become 
optical  communication  beam  jitter.  This  beam  jitter  becomes  increasingly 
important  as  the  size  of  the  receiving  aperture  decreases  in  relation  to  the 
width  of  the  optical  beam  as  will  be  the  case  for  a  low-cost  system. 

W i - r.  nested  loops,  the  tracking  error  controls  small,  low-inertia,  high- 
bandvidth  steering  elements,  such  as  General  Scanning  Inc.'s  Fast  Steering 
Mirror  (FSM>  (shown  in  Figure  4-l«).  These  steering  elements  can  be 
controlled  directly  or  indirectly,  as  described  by  Held  and  Barry  of  the 
Hughes  Aircraft  Company  ,n  "Precision  Optical  Pointing  and  Tracking  from 
Spacecraft  with  Vibrational  Noise".  SPIE  Voi.  616.  pp.  160-166.  Optical 
Technologies  tor  Communication  Satellite  Applications,  1986.  Such  a  mirror 
is  currently  being  used  in  our  conical  scanning  laboratory  experiment. 

Vner,  controlled  indirectly,  the  steering  elements  follow  a  stabilized  mass 
-men  is  pointed  along  the  desired  LOS  by  the  tracker.  The  steering 
elements  follow  the  mass  via  high-bandwidth  slave  loops.  In  either  case, 
the  steering  elements  move  the  optical  beam  at  high  rates,  decoupling  it 
from  the  higher  frequency  base  motions  and  disturbances. 

The  pc  inter ' tracker  gimbal  set  vhicn  houses  these  steering  elements  follows 
them  or  the  stabilized  mass  to  which  the  steering  elements  are  aligned 
tnrougn  low-bandwidth  slave  loops.  The  gimbals  with  their  larger  inertias 
only  nave  to  follow  the  faster  beam-steering  elements  or  stabilized  mass 
witn  their  smaller  inertias  in  an  average  sense,  just  as  single-loop  low- 
oandvidth  pointer/ tracker  systems  follow  their  targets  in  an  average  sense. 
In  either  case,  the  gimbals  move  the  optical  beam  at  low  rates,  decoupling 
it  from  the  lower-frequency  base  motions  and  disturbances  without  requiring 
precision  pointing  of  the  gimbals,  as  is  the  case  in  single-loop  systems. 


Figure  «-13.  LOS  Angular  Spectrum  Low  Frequency  Plus  High  Frequency 
Envelope. 
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r  e: ai  1  system  to  have  high  precision,  they  can  be  manutac  cur ed  to 
tons iderabiy  less  rigid  specifications  than  gimbals  for  single- loop  syr *  ems 
I -  ettect.  the  requirements  for  precision  ha,-e  been  dist : i butec  between 
gimbals  and  steer  mg  elements,  tnus  relieving  the  gimbals  of  the  burden  for 
precision  pointing.  By  so  distributing  the  precision  requirements,  the 
gimbals  can  be  manufactured  very  inexpensively,  using  lighter,  less  rigid 
materials  such  as  composites  cr  plastics.  The  small  steering  elements  are 
themselves  inexpensive  and  so  the  mechanical  elements  of  the  resulting 
nested  con t rox - loop  system  are  considerably  less  expensive  fo  manufacture 
tnar.  those  for  the  single-loop  system.  Note  that  low-cost  has  not  been 
achieved  at  the  expense  of  performance;  in  fact,  the  performance  of  the 
nested  mul t i pie- loop  system  far  exceeds  that  of  the  single-loop  system, 
which ‘ fur ther  strengthens  ATA's  cost  and  performance  rationale  for  using 
nested  multiple-control  loops. 


«  .  Z  .  Z  Digital  Controllers 

AT A  oelieves  that  digital  controllers,  as  opposed  to  analog  controllers,  as 
a  means  to  tie  the  multiple,  nested  control  loops  of  the  system  together, 
represent  another  important  area  for  cost  reduction.  Because  of  the  rapid 
advances  in  semiconductor  technology  and  manufacturing  techniques,  digital 
control  hardware  is  both  plentiful  and  inexpensive.  Because  this  hardware 
is  an  off-the-shelf  item,  only  the  control  lavs  and  the  software  algorithms 
vr.rch  implement  the  laws  require  development. 

Irrelligent  decisions  and  algorithms  can  be  implemented  easily  on  digital 
compurer  control  systems.  Several  models  comprise  a  complete  description  of 
tne-dlgi tal  controller  of  the  tracker  and  communications  system  package. 
First,  remote  and  local  command  of  the  package  is  simplified  through  an 
intelligent  user  interface  such  as  a  terminal  connection  and/or  a 
s ' a t us /command  control  panel.  This  facilitates  quick  communication  link 
startup,  requisition  of  other  ship  commands,  and  communications  system 
status.  Aside  from  the  intelligent  front  end,  the  digital  controller  must 
perform  a  systematic  search  or  scan  for  a  designated  receiver.  Conical, 
raster  scanning,  or  other  scanning  techniques  can  be  exercised  by  the 
controller.  Large  and  narrow  f ield-of-viev  (FOV)  for  coarse  and  fine 
t racking/ scanning  are  decisions  that  the  controller  employs.  To  reacquire  a 
loct  or  faint  beacon,  predictive  algorithms  can  be  used  to  minimize  down  and 
retransmission  times.  A  low  bandwidth  controller  for  the  pitch,  yaw.  and 
roil  of  the  ship  is  inexpensive  off-the-shelf  hardware. 


The  digital  controller  for  the  high-frequency  control  will  depend  directly 
upon  the  base  motion  disturbance  rejection  necessary.  Here,  parallel 
processing  can  be  incorporated  if  necessary. 
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enhartc  ing  the  computer  and  speeds  ol  ten  needed  in  signal  pi  ocess  mg 
applications.  The  DSPs  are  applicable  in  this  control  problem  fo:  *  he  nigh 
frequency  control  loop.  Here,  in  place  of  ganging  multiple  conventional 
type  processor  modules  together  tc  implement  a  parallel  processing  approach , 
one  DS?  coupled  vith  one  conventional  processor  may  indeed  provide  the 
necessary  computational  requirements. 

A  digital  controller  can  handle  the  scan-acqu i re- t rack  logic  and  handoff 
opera’ ions.  It  can  also  be  asked  to  control  the  lov-f requency  track  loop 
ana  the  high-frequency  track  loop,  which  is  dependent  upon  tuSe  motion  PSD. 

A  $2: . 000-25 , 000  digital  controller  can  handle  a  1  KHz  closed  loop 
bandwidth.  Figure  *-15  shows  control  modular  flow.  Figures  4-16  and  4-1? 
show  two  VME  systems  that  ATA  has  under  development,  CONSCAN  and  SSP. 

Figure  **-18  shows  a  possible  VME  bus  configuration  for  this  project. 

**.2.2.1  Digital  Control  Electronics 

For  the  digital  control  electronics,  MC68020- based  boards,  both  vith  ana 
without  parallel  processing  capabilities  were  considered.  However,  due  to 
rne  rapid  involvement  of  digital  semiconductor  technology,  a  complete 
digital  controller  specification  at  tnis  point  may  be  rendered  obsolete  at 
’ne  actual  time  of  the  prototype  design  effort.  At  this  time,  ATA  has 
implemented  a  single  degree-of -freedom  ultra-precision  controller  using  a 
VME  computet  architecture.  This  controller  utilizes  multiple  CPU  boards  to 
perform  parallel  processing,  and  is  currently  being  developed  into  a  6 
degree-of- f reedom  controller. 

A.  digital  control  system  offers  more  flexible  and  adaptive  means  of 
controlling  a  gimballed  type  t ransmi t ter / receiver  flat  and  associated 
components.  The  functional  modules  comprising  the  digital  controller  are: 

1  ,i  Initialization: 

1)  NTDS  Command  front  end; 

1)  Safety  operation; 

** )  Cross-link  receiver  acquisition; 

5)  Receiver  tracking; 

6)  Reacquisition; 

Figure  4-19  is  a  photograph  of  a  set  of  typical  digital  control  electronics 
uni ’ s . 
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Ir.  *ne  initialization  mode,  the  controller  goes  through  a  system  status  and 
neal'h  check  and  then  identifies  a  vertical  frame  of  reference  via  a  one- 
axis  ver  tiral  gyro,  horizon  sensor,  or  the  Naval  Tactical  Data  Systems 
(NTDS)  computer.  The  system  status  and  health  ciieck  provide  a  self  check  to 
determine  the  working  condition  of  tne  laser  subsystem  system,  the 
communication  subsystem,  and  the  Fast  Steering  Mirror  (FSM)  and  gimbal 
functionality.  It  then  reports  status  to  NTDS  when  queried.  After 
assessing  the  functionality  of  the  various  subsystems,  the  vertical  frame- 
of -reference  sensor  is  monitored  as  me  gimbals  are  commanded  to  a  level 
position.  The  vertical  f rame-of -ref erence  is  needed  to  reduce  the  search 
volume  m  acquiring  a  receiver  on  a  second  ship  as  discussed  earlier. 


Naval  Tactical  Data  System  Command  Front  End 

To  facilitate  operations  training,  all  commands,  status,  and  data  are  routed 
through  a  NTDS  interface.  The  digital  controller  can  therefore  be  treated 
as  an  intelligent  peripheral  or  as  a  NTDS  computer.  Commands  sent  to  the 
digital  controller  control  which  ship  to  scan  and  lock-on  to.  and  control 
the  dataflow  to  and  from  the  communications  subsystem. 

-.2.1. A.  Digital  Tracking  Controller 

The  nested  digital  control  loops  consist  of  one  high-frequency  loop  closed 
a  round  a  low- frequency  loop.  The  iov-frequency  loop  controls  the  gimballed 
pointing  flat  and  should  maintain  a  pointing  accuracy  to  within  the  field  of 
view  sf  the  high-frequency  beam  steering  mirror.  In  the  process  of  locking- 
in  on  the  target,  the  low-frequency  control  loop,  using  a  wide  field-of- 
v’.ev.  'ries  to  minimize  the  error  on  the  quad-cell  or  avalanche  photodiode 
array  Only  one  digital  processor  is  needed  to  control  the  FOV  and  send 
error  correction  angles  to  the  gimballed  flat  since  this  is  a  relatively 
slow  control  loop.  Stepper  motors  can  be  used  to  achieve  the  desired 
accuracy  and  when  the  error  angle  i~  within  the  fast  steering  mirrors  field- 
'-■f-v;ev.  the  second  high-frequency  loop  kicks-in  and  tracks  to  the  accuracy 
needed.  Bandwidth  requirements  are  still  uncertain  until  actual  platform 
measurements  can  be  made.  However,  if  bandwidth  requirements  are  less  than 
;  Riiohertz,  a  digital  implementation  is  feasible  with  current  off-the-shelf 
produce.  Here,  if  necessary,  parallel  processing  may  be  needed  to  achieve 
'he  necessary  calculations  and  control  input/output  signals.  The  parallel 
processing  aspect  is  currently  being  implemented  in  a  seismicaily  stable 
ola'form  controller  at  ATA  (Figure  4-20) . 

w.2.2.2  Track  Reacquisition 

During  'he  tracking  control,  the  digital  controller  record"  the  platform 
dis'urbances  arid  trajectory  of  the  target.  This  information  is  used  to 
build  an  estimator  of  the  target  in  the  even'  of  a  lot'  track  rondi'ion. 

This  will  allow  the  tracker  to  predict  where  'tie  target  will  be  ;p  'he  next 
ri 1 li second ,  second,  ot  minute.  This  pi  edi'  five  con’ roller  i v  especially 
useful  for  high  sea -state  condition"  when  *  he  t  -ccei  vet  of  one  ot  t  he  ships 
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i  ••  'PiMi  i-D-1  by  large  waves .  Here,  fast  reacquisition  is  realized  and  dnvn 
time  is  minimized.  The  additional  computation  necessary  to  perform 
predictive  tracking  is  of  little  consequence  to  the  control  bandwidth,  since 
several  processors  may  divide  up  the  computation. 


4.2.3  Gimbal 

Structural  grade  plastics,  composites,  and  traditional  metals  were 
considered  for  the  gimbal  structure.  Geared  and  ungeared  DC  and  AC  motors 
were  considered  for  gimbal  actuation  and  unsvitched  and  switched  power 
amplifiers  for  the  gimbal  motors. 

ATA  determined  that  the  gimbal  sets  supplied  by  TRAX  would  be  the  most 
appropriate.  These  gimbal  sets  utilize  a  unique  Roto-Lok  Rotary  Drive  that 
incorporates  a  patented  friction-drive  technology  which  smoothly  couples  a 
drive  to  a  load  using  standard  flexible  cables  in  a  figure-eight 
configuration.  Multiple  cables  configured  in  this  way  increase  torsional 
stiffness  and  improve  smoothness  through  load  sharing.  The  performance 
characteristics  include; 

1)  No  backlash; 

2)  Extreme  stiffness; 

3)  Elimination  of  slippage; 

а)  Efficiencies  of  over  99%; 

5)  Environmental  stability; 

б)  Reliability  and  long  life. 

Figure  4-21  shows  the  Roto-Lok  Rotary  Drive  system;  Figure  4-22  shows 
typical  friction  losses  for  different  drive  types;  and  Figure  4-23  shows 
backlash  comparisons. 
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Figure  4-20.  Digital  Computer  Controller 
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The  largest  angular  excursions  occur  at  the  longest  vave  amnlitudes  due  to 
their  long  wavelength  and  amplitude.  However,  due  to  the  low  frequency  of 
these  waves,  the  required  line-of-signt  rates  are  not  maximum  here.  Again, 
the  snorter  the  ship,  the  greater  the  bandwidth  requirements.  Based  on  our 
^nO-foot  ship,  we  calculate  the  maximum  rate  to  be  7.3  degrees/second  which 
occurs  with  a  significant  wave  height  of  29.1  feet.  Therefore,  an  angular 
rate  requirement  of  7.5  degrees  per  second  should  be  sufficient.  ATA  does 

not  expect  accelerations  of  more  than  50  or  =  .87  " -a<^ A on  large 

sec‘  sec1, 

gimDals.  etc.  We  expect  higher  acceleration  rates  on  smaller  optics,  i.e. 


100 


rads 


sec 
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Figure  4-22. 


Drive  Related  Friction  Losses  less  than  11 
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Figure  4-23.  Blackiash  Comparisons 
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-  •  1  Track  ir.g 

Wnen  a  target  is  detected,  the  system  .’ill  go  immediately  to  tracking  mode. 
This  must  be  accomplished  in  less  than  a  millisecond  so  that  tne  ship's 
motion  will  not  cause  the  target  direction  to  change  more  than  a  beam  width 
The  target  will  be  maintained  in  track  by  rotating  the  beam  aoout  the  targe 
pos i t i on . 

Figure  *-2e  shows  a  s. hematic  of  a  demonstration  tracker.  Figure  *-25  give 
tne  optical  system  schematic  for  a  tracking  demonstration,  ana  Figure  *-2fe 
gives  the  signal  flow  diagram  for  a  tracking  demonstration.  Figure  *-2' 
shows  a  candidate  configuration  for  ship-to-ship  communication,  and 
Figure  h-28  shows  ship  acquisition.  Based  on  these  configurations,  tne 
following  calculations  predict  the  tracker  performance. 
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P 

xtr 


diameter  of  the  transmitting  aperture  (m) 


diameter  of  the  receiving  aperture  (m) 


diameter  of  the  retro-reflector/ corner  cube  (m) 


attenuation  for  one-way  propagation 


rated  output  power  of  the  transmitter  (w) 


R  =  transmitter  to  receive  range  (m) 

a  =  spectral  wavelength  of  the  transmitter  (m) 

?  =  power  received  by  the  aperture  of  the  receiving  station  while  the 

r  c  v  r 

transmitter  is  on  a  different  ship  (as  during  communication  of  data) 
(w) 

Prr..,=  power  received  by  the  aperture  of  the  receiver  while  the  transmitter 

is  on  the  same  ship  (as  during  the  acquisition  and  tracking  of  a 
friendly  ship)  (w) 


we  assume  that  the  transmitter  beam  overfills  the  receiver  aperture  of  the 
second  ship  during  communication,  and  during  tracking,  the  retro-reflected 
beam  of  the  tracked  ship  overfills  the  receiver  aperture  of  the  tracker. 


Then 


and 


2  2 

P  =Tp  xtr  xtr  rev,  (w), 

rrvr  — c - 

2  2 
4IT  (1.22X) 


P 

revt 


t  P  d2  d2 
p  xtr  xtr  rev 

4n  (1.22A)4  R4 


(v) , 


Let  0.8  x  10  ^m, 

and  focal  length  of  the  receivers  =  12cm. 

The  spot  sire  of  the  receiver  aperture  in  the  detector  plane  (image  plane) 
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,-b 


which  is  <  10  Mrr..  the  order  of  linear  dimension  of  a  detector. 

-  o  2 

Let  the  detector  area  be,  A,  =  10  m  . 

d 

The  D  of  an  off-the-shelf  Silican  Avalanche-Photo  detector  (at  300°k)  is. 

*  10  , 

D  =  3  x  10  m  /Hz  , 

v 

and  the  transmission  of  the  receiver  optics  x  =  0.9. 

o 

Ue  can  then  calculate  the  minimum  P  and  P  required  for  SNR  =  100  for 

rcvr  rcvt 

the  communication  and  the  acquisi tion/ tracking  modes,  respectively. 

1)  Assuming  SNR  =  100,  and  the  bandwidth  of  communication  to  be  64MHz, 
tnen  minimum  required  power  received  by  the  receiver  aperture  for  SNR  =  100 
is : 

P  =  2.963  x  10~8  v 
rcvr 

with  detector  noise  being  2.963  x  10  ^  w,  in  the  communication  mode. 

2)  Similarly,  for  SNR  =100,  and  the  bandwidth  required  for  tracking  to  be 
on  the  order  of  400  Hz,  the  minimum  required  received  power  in  the  receiver 
aperture  is: 

P  =  7.4  x  10"11  w 
rcvt 

-13 

with  detector  noise  being  =  7.4  x  10  w. 

Finally,  with  P  and  P  shown  above  and  the  optical  path  transmittance 
rcvr  rcvt 

x  calculated  earlier,  we  can  estimate  the  required  minimum  transmitter 
P 

power  for  SNR  =  100  in  the  tracking  and  communication  modes. 

If  one  decides  to  use  the  same  source  as  the  transmitter  in  the  above  modes, 
it  becomes  obvious  from  above  that  the  power  requirement  during  the 
communication  is  more  demanding  than  during  tracking. 

It  can  be  seen  that  P  and  P  are  the  detector  white  noise  floor  due 

rcvr  rcvt 

to  the  signal  bandwidth  in  the  two  modes,  scaled  up  by  the  required  SNR. 

In  any  pulse  code  modulation,  we  must  also  remember  the  pulse  height  loss 
due  to  the  finite  bandwidth  of  the  detector  and  the  pre-amplifier.  Thus, 


4  -  4  8 


ARSlK'I-T 


-  r  h  ■  "  !l  't> 


=~o  e  i  f,  - 1  : : 

' i na I  Repo  *  • 
Maw  1  ^of 


ro;-  e?*i  mating  trie  required  *  racism:  -  ou->-  t  or  p  e  i  never,  ve  a. no  neen 

*::e  #=r  tec  r :  ve  :  n :  egva  t  i  on  t  ime  of  the  derec  mr-nre-ampl  i  f  ;er  and  must 

sui  ’.able  upscale  P  again  to  accoonoda t*’  for  '.lie  pulse  height  loss  due  >  o 

: r. ragrat  ion. 

This  is  illustrated  in  the  fol loving  feasibility  stud;:  example: 

Since  iov- power  laser  diodes  are  easy  to  modulate,  for  digi tal  signal 
communication  over  optical  links,  tney  are  me  logical  choice. 

he'  us  choose  a  GA-Al -As  diode  laser.  Model  s  PP]5(|W-TR5  manufactured  hv 
Op'o-Eiectronics  Company.  Pertinent  data  supplied  by  'he  manufacturer  are: 


Peak  pulse  power.  P 

x  tr  p 

20  l<j"J  v 

Pulse  rise  time 

t* .  clan  sec 

Pulse  length,  T 

- 

0 . Obnsec 

Pulse  repetition  rate 

= 

SOMHs 

(Thus,  Pulse  period,  T 

- 

20nsec 

»>  -.11  assume  the  operating  vaveleng- 

h 

>  - 

.  8  u  rr. . 

r  r .  »•  *  h ‘r1  i  p c 6  i  v 9 r  detector.  1  p  t  us 

an 

Avalaiviie  Photo  diode. 

r.FZ  ~odei  «C3U92~  made  bv  RCA  Elec  - :  on 
tne  manufacturer  are: 

»}  v  s  .i  c 

c.  Pertinent  data  supplied 

Peak  response  wavelength 

- 

0 . 9um 

Respons i vi ty ,  P 

- 

60  Amp/ watt 

Quantum  efficiency,  q 

= 

0.85 

Detector  integration  time,  T.^ 

•= 

Dnsec 

Ve  will  assume  a  combined  detector-pre 

-arr.pl 

ifier  integration  time.  T . 

Tree  pulse  period  of  the  signal 


'•nsec  and  is  larger  than  T  ,  the  pulse 


.*  loss  factor  due  to  integration  time  of  the  deter  tor- pt  e-ampi  i  f  ier  a. 


■  .  Of,  -  M  ,  i  )i  ih 


e  '  e  i  v  e  r  and  transit.:  t  r< 


r  aperture,  let  us  assume 

d  =  ,_) .  t  >  3  m 
t  r 


ie  •  vav  r  ranmri f  ranee  •■’•.•er  a  1  p  .  ;  km  laure  a  •  *  -  -.mr 
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as  snovn  earlier 


and  optics  transmittance, 


The  loss  factor  for  this  geometry,  or  the  range  pattern  attenuation  from  the 
transmitter  to  the  detector  input,  6.  is 


6  =  3.0  x  10" 3 


The  peak  pover  output  of  the  detector  pre-amplifier 
data  :• 


p 

‘  dp' 


is  ( from  the  above 


P  x  3  x  a  =  P  ,  s  3.6  x  li)*'  vatt  >  10  times  P 
xtrp  dp  rcvr. 

The  pre-amplifier  pulse  peak  output  during  transmitter  'on'  time  is 
approx:marely  a  thousand  times  the  amplifier  noise  floor,  implying  an 
effective  s  igna  1  -  to-noi  se  ratio  (SNP..  of  1000  for  this  configuration  using 
the  off-the-shelf  components  listed  above. 
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«  .  4  Development  of  F valuation  .Models 

Tvo  types  of  evaluation  criteria  vere  selected  by  ATA: 

1)  Measures  of  system  performance: 

2)  Measures  of  system  cost. 


4. **,1  Performance  Models 

Tvo  types  of  performance  models  were  used: 

1)  Frequency  domain  simulation  models; 

2)  Analytical  predictions  using  equations. 


4.4. 1.1  Frequency  Domain  Simulation  Models 

ATA  decided  upon  a  beam-j i t ter-on-target  measure  of  system  performance. 

ATA  used  frequency  domain  simulations  to  determine  various  performance 
factors  (e.g.,  contributions  to  LOS  jitter)  of  candidate  control  system 
configurations.  The  frequency  domain  models  used  a  control-system 
performance-evaluation  code,  FRQRSP,  for  Frequency  Response  Simulation. 

This  tool  was  used  extensively  for  beam  control  system  performance 
prediction  during  the  Airborne  Laser  Laboratory  (ALL)  program  and  serves  as 
the  basis  for  several  SDI  beam  control  investigations. 

The  second  type  of  performance  models  are  equations.  These  equations  relate 
candidate  control  system  performance  factors  along  with  other 
characteristics  of  the  systems  to  top-level  performance  factors  which  can  be 
used  directly  to  quantify  the  previously  selected  evaluation  criteria;  as, 
for  example: 

1)  Aperture  sizes; 

2)  Distance  between  the  transmitter  and  receiver; 

3)  Laser  power; 

4)  Optical  efficiency  of  the  transmitter  and  receiver  elements; 

5)  Transmission  of  the  atmosphere  at  the  laser  frequency; 

6)  Residual  jitter  of  the  LOS  (i.e.,  beam  jitter  as  predicted  bv  the 
FRQRSP  code) 

2)  Type  of  detection  system  used  by  the  receiver; 

8)  Received  signal- to-noise  ratio  (SNR). 


The  Bit  Error  Rate  (BER)  interrelates  the  most  significant  optical  system 
parameters.  A  natural  consequence  in  developing  a  BER  equation  is  the 

receiver  input  signal-to-noise  ratio  (j^).  Here  we  use  these  equations  to 

parametrically  change  several  of  the  critical  component  values  to  narrow  the 


lesign  for  the  optical  system.  Referring  to  Figure  4-29.  the  received  power 


on  the  detector  (P  )  is  proportional  to  the  ratio  of  the  receiver 
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effective  area  to  the  transmitter  far  field  radiation  pattern.  The  other 
factors  influencing  received  power  are  transmitted  power,  transmitter 
modulation  efficiency,  optical  and  atmospheric  losses  and  pointing  angle 
offset  and  jitter.  In  equation  form,  the  energy  per  pulse  (bit)  on  the 
detector  from  the  transmitter  is: 

tRcv=  “rcv  '  pxtr‘  t  '  txtr'  trcv'  W-) 

where : 

E„r,,  =  Energy  Received  per  Bit  (J) 

T.tu  =  Atmosphere  Transmission 

n  T  n 

T„_,f  =  Receiver  Optical  Transmission 
RC  v 

T  =  Transmitter  Optical  Transmission 
aTK 

~  =  Pulse  Width  [S] 

=  Transmitter  Peak  Power  (Vj 

o;jr..  =  Fractional  Energy  Incident  upon  Receiver. 

Here  the  far  field  pattern  is  assumed  to  be  a  two-dimensional  Gaussian 

distribution  about  some  off-axis  pointing  error  angle  9,  at  range  R. 

transmission  aperture  diameter  d  and  effective  beam  width  defined  bv  ox 
r  xtr 

and  ay.  For  the  far  field  pattern  of  the  form: 


(x-x) 


iizh 


2no  o 

X  V 


-1/2  o  2 
e  y  d  d 

x  y 


We  have  86%  of  the  energy  contained  in  2a  and  2c  ,  and  assuming  5x 
diffraction  limited  optics: 

i  7  0  X 

5  -  P,  =  2a  e  2a 

dXTR  X3  ya 


Range  between  Transmitter  and  Receiver  f  m ] 


=  wave  length  c f  Transmitter  | m ] 


o8R?  )h  ■  mi; 


AT  -  ^Tf,  >B  :  K  - « 

7 R  Filial  Repo : 

Ma  •.•  2  98 


d..^  -  Transmitter  Aperture  dia^ere:  l  ! 

A ;  R 

2  c  -  Effective  A 1  rv  ni'c  null  at  Beceivrr  vi  th  no  x-ax:?  lifer  (  m 
xa 

Effective  Ai  rv  disc  null  in  y -direct  ion  of  Receiver  vim  if  y 
axis  jitter  j  rr.  ] 

For  an  effective  transmitter  pointing  error  angle  of  9,  the  center  of  the 
far  field  pattern  vill  be  R  •  9  meters  from  the  receiver  center  boresite. 
3ecause  of  the  x  and  y  symmetry,  the  direction  off-axis  is  irrelevant  and 
for  computational  simplicity  ve  assume  off-axis  only  from  the  y-axis  (y=0). 
Refer  to  Figure  4-30  for  the  x-y  axis  coordinate  system.  Introducing  x  and 
v  axis  effective  line-of-sight  jitter,  due  to  the  platform  base  motion, 
atmospheric  disturbances,  etc.. 


na¬ 


ve  have  a  far  field  pattern  of: 


<7  ...  o  ...  P.  dVT  ,  A)  =  <  . 
xi it  vi it  XTR  f s  c 


•  1/2 


LZaill 


■1/2  y 


vnerc : 


Vf5R  ,1.22-X 

l~2  (~d~)  j  *  ffyur 
1  XTR  J  J 


"5R  ( 1 . 22  A 

i  "  dXTpPj 


a  .  . 
VJ  1  t 


-  9-R  -  pointing  error  offse' 
-  v -axi s  LOR  j i r  t er 


.  • ; ,  =  v -axi s  LOS  j i r 


Receiver 
Aperture 
centered  at  origi 


To  arrive  a t  a  bit  error  probability,  ve  need  to  calculate  the  noise  power 
sper.  trum  or  the  receiver  output.  Using  Peebles  Bit  E:  :  or  Probability 
solution  for  Amplitude  Shift  Keying  (ASK)  modulation  we  nave: 

P„  =  ^  eric  |  .  cj,  for  ASK, 


for  noncoherent  ASK 


where : 

'DET"?CV'  is  the  energy  per  bit  divided  by  twice  the  input  noise  spectral 
or  density 


and 

p  p 

"  B  ‘  on 

Vch  *ch 

< Peer les ,  page  26« )  is  Gaussian  white  noise  input  with  power  density  no. 

Here  F_  ir  rne  background  scatrering  power  due  to  atmospheric  conditions  and 

D 

solar  flux,  v  .  is  the  channel  bandwidth  of  the  communication  system,  and 
c  h 

P  is  *ne  detector  output  noise. 

Conp.bining  items,  ve  have: 
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c  = 


‘DEI  “RCV  ch 

2  (P„  ~  F 
B  on ) 


where : 


2WGe)‘(VPB>BRLF 

P0N  =  - - 4k‘B 


(from  page  124  of  Laser  Satellite  Communication) 


p-  L. 

ark 


where : 

G  =  Avalanche  Photodiode  (APD)  Detector  Gain 
e  =  One  Electron  Volt  [J| 

tv  =  Detector  Efficiency 

P  =  Background  Solar  Power  [v] 

D 

B  =  Bandwidth  of  the  System  [Hz] 

?.,  =  Load  Resistor  [ohms] 

F  =  Noise  Factor 

hv  =  Energy  in  one  Photon,  Wavelength  X  [J] 
akTB  =  Load  Resistor  Johnson  noise  [v] 

P  =  Output  Noise  of  Detector  -  Resistor  Circuit  [v] 
on 

P  =  Signal  Power  incident  on  Detector  (w] 

s 

P,  =  Detector  dark  current  noise  power  [v] 


For  ASK,  assuming  no  separation  between  pulses  and  a  channel  bandwidth 


we  have  the  input  signal-to-noise  ratio  to  the  ASK  receiver  demodulator  as 
(Peebles,  page  364-371): 


(jP  ) 

N  l 


4-57 


tier. 


'«e  r.  ■-  «hov  Tie  graphical  :  el  at  iormr :  r  of  rr.e  mr<ut  ;  i  cr.a  *  -  •  •  •  nurse  :  a  *  r  < 

(  —  •  "?  r*>:?  f  he  hi  *  error  ram  P  for  ar.  ASP  (  cee  c  :  r  4  • '  ]  i . 

Mure:  ically  integrating  the  appropr ia  *e  equation*?,  ve  arrive  at  a  ret  of 
turves  relating  tne  optical  system.  parameters  to  the  input  SNP  •  Ir. 
examining  Figure  **-32.  it  ran  he  seen  that  a  t  relatively  small  aperture 
sires  <1  cm,  signal-to-noise  ratios  are  quite  acceptable  in  uo raining  Pit 

error*  rare?  less  man  il!  (ucing  Figure  e-2Q  m  ?-«•  late  hi  *  er *r>r 
j:ubuu...ty  to  SN’E  1  .  Fut  thetraoie ,  the  1  uv  of  solar  background  povet 
er  tests  tne  Sh’R  by  less  tlian  I  ri  B .  The  solar  background  of  1  nanowatt  is  a 
vorr  case  rough  ord«r  of  magmtune  estimate  assuming  no  glints  or  direct 
line- -of -sight  vi  th  the  sun  and  recei  ver  ( De i rmend  j  i an  ) .  The  values  of  the 
optical  ?ys*em  parameters  can  be  round  at  the  end  of  this  section. 


v  show  the  (  Ft—  )  -  ratio  from  me  reflected  power  of  a  retro- ref  lector 
N: 

ed  on  the  receiving  ship  v j  t h  t  rer ro- ref lec tot  of  aperture  diameter 
Tne  reflected  power  ‘torn  the  retro  is  directed  back  toward  the 


-  rar.s-:  t  ter .  but  with  the  retro's  far  field  pat  tern  centered  on  the 
reflect -on  receiver.  we  nave  as: 


X.  ... 

- 


RR 


FF ( 6,  a  .  a 

i  i  ■ 


-o 


PR 


P.  d.^p .  >)  d  d  (equadnn  *2) 


P. 


RR' 


<  equa  *  i  on  ) 


I'll  I  ff .  .f  I  ‘(i/IkjI <iIi/« 
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Figure  4-32.  One-way  Transmission  SNR:  10  urad  Pointing  Error  Offse' 
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and  therefore,  the  ^  for  the  reflector  receiver  is: 

Ni 


Ni  “  PB  *  P 

B  on 

Again,  numerically  integrating  appropriate  equations  we  can  show  a  graphical 
relationship  between  the  optical  system  parameters  and  the  SNR.  As 
expected,  as  we  increased  the  transmi t ter/ receiver  diameter,  the  amount  of 
energy  captured  from  the  retro  increases  which  boosts  the  SNR.  However,  by 
inspecting  Figures  4-33  and  4-34,  we  see  that  for  the  large  optics  we  may 
have  a  tracking  problem  with  the  low  SNR  values  when  the  line-of-sight  (LOS) 
jitter  is  above  30  urad. 

A  caveat  is  in  store  in  reference  to  the  atmospheric  attenuation  used. 

Here,  the  transmittance  is  0.1983  over  the  16  km  path  length,  which  is  only 
a  rough  order  of  magnitude  estimation.  Here,  because  the  path  length  is 
twice  the  ship  separation  (to  the  retro  and  back)  the  effective  atmospheric 
transmittance  is  about  42.  With  different  conditions  orders  of  magnitude  of 
change  in  SNR  can  be  expected. 

The  values  used  for  both  one-way  and  reflected  energies  use  the  following 
constants: 

c  =  0.50  •  10~6m 


=10-10  s 


=  0.1983 


=  0.7 


=  0.7 


=  0.3 


=  0.040  V 


=  16  •  10"m 


9  =  10- 10 


w  ,  =  B  =  -  Hz 
ch  x 
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Figure  33.  Reflected  Signal  SNR:  25  cm"  Retro.  10  urad  Pointing  Error  offset 
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:igure  34.  Reflected  Signal  SNR.:  100  cm2  Retro.  10  urad  Pointing  Error  Offset 
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Evaluation  of  the  System 

execution  ot  the  FRQRSP  models  provided  the  data  needed  to  rank  the 

6fTI . 

re  h-35  shows  the  Single  Axis  Model  of  Pointing. Tracking  System. 

jsed  this  model  developed  for  Ball  pointing  and  tracking  experiment  and 
*  base  motion  and  LOS  disturbances  and  ran  the  model  to  achieve  a  residual 
x  error  of  3  nanoradians  rms  which  is  more  than  adequate. 

e  'hese  base  motion  and  LOS  disturbances  did  not  contain  high  frequency 
_rbances,  the  spectrum  shown  in  Figure  4-13  was  used  to  provide  more 
istic  high  frequency  disturbances. 

Servo  Model/Performance  Estimation 

c  model/performance  predictions  are  surmaiized  in  the  following  figures: 
Figure  4-36  Nested  Servo  Block  Diagram 

Figure  4-3?  Frequency  Response  Characteristics  for  15  Hz  Ginbal  Servo 
Figure  4-38  Frequency  Response  Characteristics  for  3S'">  Hz  Fast  Steering 
Mirror  Servo 

Figure  4-39  Frequency  Response  Characteristics  for  15  Hz  Gimbai  and  350 
Hz  FSM 

Figure  4-4<i  Baseline  Nested  Servos  -  LOS  Disturbance  ReiecT ion 
Figure  4-41  Baseline  Nested  Servos  -  LOS  Input  Cumulative  RMS 
Figure  4--2  Baseline  Nested  Servos  Residual  LOS  Jitter  Cumulative  RMS 
Figure  4-43  Baseline  Nested  Servos  LOS  Input  Disturbance  and  Residual 
Jitter 

Figure  4-44  Nested  Servo  Performance  Summary  15  Hz  Gimbai  Servo  "‘S1’  Hz 
FSM  Servo 

as  a  result  of  its  analyses,  concluded  that: 
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1)  Nested  servo  with  typical  bandvidths  provides  10  microrad  LOS 
stability: 

2)  Lov-f requency  induced  motions  are  handled  easily: 

2)  When  a  high-frequency  disturbance  envelope  is  selected,  nested  servos 
handle  the  envelope  to  10  microrads  vith  equal  frequency  power  in 
error : 

A)  There  is  a  choice  of  various  implementation  options. 


Figure  4  j5.  Single  Axis  Model  of  Po  in  t  ing /Tracki  ng  System 
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Figure  4-36.  Nested  Servo  Block  Diagram 
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Figure  4-40.  Baseline  Nested  Servos  -  LOS 


Cumulative  RMS  of  LOS  Disturbance,  Rad 
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Figure  4-41.  Baseline  Nested  Servos  -  LOS  Input  CUM  RMS 


Cumulative  RMS  ol  Residual  LOS  Jitter,  Microrad 
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dB  Relative  to  1  Rad**2/Hz 
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Figure  4-43. 


Baseline  Nested  Servos  LOS  Input  Disturbance  and  Residual  Jitter 
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NESTED  SERVO  PERFORMANCE  SUMMARY 
15  HZ  G1MBAL  SERVO/350  HZ  FSM  SERVO 


BANDWIDTH  (Hz) 


QiUdJ. 

i  -  ig 

10-..1J2Q 

1QQ-  1PQQ 

Total  (0.02-1QQO) 

LOS  Input 

S3  mrad 

0.48  mrad 

66  prad 

6  Mrad 

53.1  mrad 

LOS  Residual 

0 

4.4  Mrad 

8.2  ^rad 

2.4  prad 

9.6  Mrad 

FSM  Angle 

0.11  mrad 

6.3  mrad 

6.4  mrad 

0.2  mrad 

9.0  mrad 

Figure  4-44.  Nested  Servo  Performance  Summary  15  Hz  Gimbai  Servo/250  Hz  FSM 

Servo 
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OPTICAL  SYSTEM 


5 . I  Laser  and  Optical  Detectors 

ATA  is  currently  considering  two  types  of  lasers  to  be  used  as  a  beacon  (see 
Figure  5-1).  Specifically,  they  are  GaAs  type  semiconductor  laser  diodes 
and  a  solid  state  Nd:YAG.  Because  of  the  proposed  shared  aperture  system, 
ve  must  also  base  the  decision  as  to  which  laser  to  use  on  the  suitability 
of  the  beacon  laser  to  also  be  the  transmitrer  laser. 


♦  Semiconductor  Diode  Laser  -  GaAs  Type.  C'J/Pulse  Mode  Operation 

Small 

Fa’ rly  Efficient 

Potential  for  Long  Lifetime 

Inexpensive 

Can  be  Directly  Modulated  by  Varying  Input  Current 

♦  Solid  State  ND:YAG  Laser.  CV/Pulse  Mode  Operation 

Offers  Higher  C'J  Pcver  Than  Diode  Laser,  but  Larger  Than  Diode  Laser 
in  Size 

Can  be  Pumped  by  Diode  Laser 

Modulated  via  Q  Switching  or  Cavity  Dumping 

Figure  5-1.  Laser  Options 

GaAs  lasers  operate  around  0.8  micrometer.  They  are  small,  fairly  efficient 
and  nave  demonstrated  the  potential  for  long  lifetimes  in  accelerated  lab 
tests.  An  advantage  of  the  GaAs  laser  is  that  it  can  be  directly  modulated 
by  varying  the  input  current  to  the  diode.  Thus,  it  can  be  pulsed  fast 
enough  to  achieve  the  required  data  rates. 

Nd:YAG  lasers  operate  around  1.06  micrometers.  Although  somewhat  larger 
than  diode  lasers,  Nd:YAG  offer  more  power  and  a  more  collimated  beam  which 
means  more  power  in  the  far-field  at  the  antenna.  The  Md : YAG  is  modulated 
via  "0"  svirrhing  and/or  cavity  dumping.  It  is  capable  of  high  data  rates 
(200  Mbits/sec).  The  Nd:YAG  laser  may  be  either  flashed  or  diode  pumped.  A 
diode  pumped  Nd:YAG  would  make  the  most  sense  here  in  terms  of  size  and 
longevi ty . 

Attenuation  of  the  beam  power  by  absorption  in  the  sea  mist  must  be 
considered.  The  optimal  wavelength  for  minimum  attenuation  resides  around 
0.L5  micrometer.  By  frequency  doubling  either  the  diode  or  ‘id: YAG  laser,  ve 
can  reduce  the  absorption  by  nearly  two  orders  of  magnitude  from  their 
natural  values. 
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AIA  recommends  the  use  of  the  diode  laser  because  of  its  simplicity  of 
operation  and  small  size. 

ATA  has  investigated  a  diode-laser-pumpea  monolithic  Nd:YAG  crystal, 
presently  being  developed  and  used  by  Stanford  University,  for  use  as  the 
Master  Oscillator  ^his  new  laser  has  three  advantages: 

1)  Extremely  compact; 

2)  Stable  frequency  during  operation; 

3)  Possible  to  finely  tune  the  output  frequency  of  the  laser  via 

controlling  the  temperature  of  the  crystal.  ihe  turnability 
of  the  laser  would  allow  easy  multiplexing  of  the 
communication  by  allowing  receiving,  transmitting,  and 
tracking  to  be  done  at  unique  wavelengths. 

Figure  5-2  shows  this  design.  This  configuration  may  offer  an  attractive 
alternative  in  the  future. 


A  number  of  venders  were  contacted  for  information  on  optical  detectors  and 
laser  sources  for  this  project.  ATA  recommends  the  use  of  a  silicon 
avalanche  photodiode  (APD)  as  the  optimum  defector  because  of  its  high 


responsi ti vi ty  at  the  proposed  laser 
silicon  APD  model  C30927  made  by  RCA 
wavelength  band  of  C. 4-1.1  microns, 
as  follows: 

Diameter 
Peak  Response 
Responsi  tivity 
Quantum  Efficiency 
Detector  Integration  Time 
Quant i ty 
1-24 
25-99 


wavelength.  Specifically,  this  is  the 
Electroptics  which  is  suitable  over  a 
The  specifications  for  model  C30927  are 


1 . 5  mm 

0.9  microns 
60  Amps/Uatt 
85* 

3.0  nanoseconds 

Approximate  Cost 
$1100 
$1020 


Additionally,  a  search  was  made  for  a  GaAs-type  laser  source.  A  number  of 
diode  lasers  made  by  Opto  Electronics  will  satisfy  the  power  and  repetition 
rate  requirements.  They  are  all  pulsed  GaAlAs  multimode  diode  lasers.  The 
model  numbers  are  PPL50M850,  PP150M785,  and  PPL50M820,  which  operate  at 
wavelengths  of  0.85,  0.785,  and  .82  microns  respectively. 

All  the  models  have  the  following  specifications: 


Linewidth 
Peak  Power 
Pulse  Length 
Rise  Time 
Repetition  Rate 
Operating  Temperatures 


.  5  nm 
>20mV 
0.06  nm 
0.04  nsec 
50  MHz 

15-30  degrees  C 
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Figure  3-2.  Possible  Laser  Design 


2.1.1  Laser  Safety 

Throughout  operation,  rne  digital  controller  maintains  less  than  the  maximum 
safety  limits  for  laser  power  operation.  The  controller  governs  the  laser 


peax  power 

using 

ranged  direction 

information 

from 

an 

NTDS 

computer 

and 

op  1 1 cal 

time-domain  re f lec t ome t ry  (ODTR) 

from 

the 

laser 

backseat  ter . 

Reflection 

s  from. 

another  ship  or 

ob]ect  can 

be 

used 

for 

ranging 

and , 

therefore,  maintain  safe  laser  operation. 

2.2  Fixed  and  Steered  Optical  Elements 

For  the  fixed  optical  elements  ATA  has  considered  the  following.  Material 
selection  will  be  made  on  the  basis  of  cost,  durability,  and  stability.  For 
mirrors,  aluminum.  pyrex,  and  Zerodur  have  been  investigated.  Metals  are 
attractive  for  being  lightweight  and  having  low  cost.  Pyrex  offers  a  higher 
optical  quality  at  a  cost  that  is  still  inexpensive.  Zerodur  offers  high 
durability  and  stability  since  its  coefficient  of  thermal  expansion  is 
effectively  zero,  but  if  has  a  high  price.  Selection  of  lens  materials 
range  between  acrylic  plastic  and  crown  glass  along  with  possible  anti- 
reflection  coatings. 

For  the  steered  optical  elements,  traditional,  non-react ionless  galvos  and 
high-bandwidth.  reac r ioniess ,  eiectromagneticaliy-actuated  beam-steering 
mirrors  were  considered.  Steered  optical  components  have  been  investigated, 
which  incorporate  a  reaction  mass  for  reactionless  operation.  The  mass  and 
"he  mirror  are  made  of  beryllium  to  provide  a  high  stiffness  t q  mass  ratio 
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laKn?  higr.  beamvidrh  operation  ( greater  than  ic  He)  possible. 
Di f ferentiai.  Impedance  Transducers  (DITS)  vill  be  incorporated  to  sense 
n : : r o r  position  inside  the  assembly. 

n T A  investigated  a  Maksutov  Cassegrain  'elescope  design  for  the  system. 
This  design  uses  tvo  spherical  mirrors  vith  a  meniscus  corrector  lens  placed 
in  the  entering  oeam  to  correct  for  spnerical  aberration.  Spnericai  mirrors 
generally  cost  less  than  the  aspheric  mirrors  used  in  a  classical  Cassegrain 
system.  Optical  design  of  the  telescope  vill  be  based  on  a  15  cm  clear 
aper'jre  virh  a  1.5  degree  f xeld-of-viev.  This  design  vouid  provide  a 
simpler,  cheaper  option  than  the  3ail  RME  telescope  described  in  the  next 
sec  r i on . 

5.2.1  Primary  Secondary  Mir  r  r  As  sembly 

""he  relay  mirror  experiment  CRME)  being  conducted  by  Ball  Aerospace 
Corporation  enA  utilizes  a  telescope  assembly  for  collecting  radiation 

f-om  a  satelli'e  source  (Figure  5-3) 

"The  design  meets  'he  re  iu i remen t s  of  the  Optical  Communication  System  (OCS) 
and  a  copy  of  'his  telescope  may  be  incorporated  directly  in  the  OCS  system. 
The  specifications  of  this  telescope  are  given  in  Table  5-1. 

The  filter.  sensor  and  printed  circuit  are  designed  for  infrared  operation 
anc  vouid  be  replaced  for  the  present  application  (Figure  5--*). 

Figure  5-5  shows  AT.A's  telescope  design  for  this  project. 
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Table  5-1 .  Telescope  Specifications 


Spec i f i ca  t i on 

Overall  Dimensions 
’.'eight  Total 
Telescope 
Sensor  Assembly 

Telescope  Assembly 

Focal  length 

Clear  aperture 

Transmission  efficiency 

r ield -of  - v iev 

Fieid  size  at  image  plane 

Optical  filter 

Multilayer  multi  cavity  design 
Transmission  efficiency 
3andpass 

Blocking 

Printed  Wiring  Board  Double-sided 

De  rec  tor -'Preamp  Des.gn 

IP  e"nanced  silicon  derector 
Photovoltaic  mode 

Ultra  Low  Noise  Transimpedar.ee  .Am pi 
Analog- to-Digi tai  Conversion 

Connec  tors 


Descript  ion 

5.31  •<  '  .  '5  in.  c ’  a . 

10  Id 
a  „  b 
:  ib 

Ca^adi optric  wi-rt  Margin  mirrors 
3  ’2  mm 

152  mm 

>  -51 

1.5'-  peg  (full  angle; 

10  mm 

High  efficiency  narrow  bandpass 
Bahr  Associates 

>  '3  percent 
'  .  t  nM 

t  ,1  ’  - 

6.5  in.  d i a . 

Previous  design  experience 
Of  f - ' he-shei f  par  * 
i  f  i  e  r 

Covered  in  electronics  section  f  6 1 
bits; 

Data 

Power 


(JT) 
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•  Maksutov  Cassegrain  System  Design 


Two  Spherical  Mirrors  with  Corrector  Lens  to  Minimize  Spherical 
Aberrations 

Inexpensive  Design 


Fi^'ira  :  - 1  J 


Clear  Aperture:  15  cm 
Field  of  View:  1.5  deg 
Magnification:  5x 
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The  shared  aperture  design  uses  an  isolated  noun'.  I'  nas  an  azimu  tn  drive 
of  plus  or  minus  ISO  degrees.  a  tvo-axis  fast-steering  mirror.  ano 
incorporates  a  signal  generation  processing  module.  The  pointing  flat  car. 
turn  plus  or  minus  u5  degrees  and  features  an  intelligent  retro.  There  is  a 
focus  drive  and  a  secondary  spider. 


Digital  signal  processors  (DSPs)  are  relatively  new  types  of  processors  uses 
for  enhancing  the  computational  speeds  orten  neeaed  in  signal  processing 
applications.  The  DSPs  are  applicable  in  rnis  control  problem  for  'he  hign- 
frequency  control  loop.  Here,  in  place  of  ganging  multiple,  conventional- 
type  processor  modules  togetner  to  implement  a  parallel  processing  approac.n. 
one  PS?  coupied  with  one  conventional  processor  may  indeed  provide  the 
necessary  computational  requi remen t s . 


5.3  Tracking  Electronics 

For  the  tracking  electronics,  quadrant  cell  detectors  vith  both  analog  and 
digital  signal  processing  vere  considered.  Focal  plane  arrays  vith  digital 
processing  vere  also  considered.  Figure  5-6  shows  a  quad  cell  photo- 
oe  t ec  t  or . 

A.  parametric  study  was  performed  *o  characterise  optical  system  sensor 
limitations  with  the  following  system  design  parameters: 


:  1 1  cs 


D i ame ter  (  ) 

I  Receiver 
|  Transmitter 
.  Re  t  ro- ref lec  tor 


Source  GaAlAs  Diode  Laser,  320  nm.  Pea*  Power  '  30  mw 


l  o  *  - 

Detector  Silicon  Avalanche  Photo  Diooe.  D*  -  cm* Hz 

m 


.0 

mm  De'ector  with  16  Hz  Bandwidth  De'-c'cr  for  Noise  ~  10  '  V 
1  mm  Detector  with  300  Hz  Bandvidrh  De'^'or  for  Noise  ~  10  ^ 1  1" 

.-.11  Components  are  o  f  f  -  t  he-she  i  f  . 

Results  wore: 

Background  power  a'  receiver  was  es'imated  as: 

-2  2 

3ky  illumination  ~  10  V 

3eam  backseat  ter  (0. Sum  particle  size)  ~  10  A 

- 1 0 

Solar  backseat  ter  from  fog  ~  !*>  “  V. 

2)  Direct  sunlight  m  field  of  -iev  in  sensor  hannwidf.h  'omple'ely  olanke's 
the  signal  '  60  mw'. 

: )  SN'R  l'NO  in  absence  of  direct  sunlign'. 
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Figure  5-6.  Quad-Cell  Pho code  tec  tor 
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ATA  conduced: 


Background  power  addi  r ions  have  negligible  effects  v:  :h  a  20  nm 
bandwidth  filter  centered  on  the  source  wavelength. 

Transmitter  modulation  -nay  be  used  ro  reject  direcr  solar  input. 
Otherwise,  me  system  is  detector  noise  limited  and  not  background 
limited.  ~ 


,-iTA  did  a  tracker  sensor  analysis  for  acquisition  and  fine  tracking 
u'ilizing  a  quaa  cell  and  a  conical  scan. 

Ouaa  Cell: 


Ideal  control  loop  (no  jitter)  SNR  ~  100 
Tracker  Error  '  0.03  urad 

V/ith  10  urad  control  loop  residual  error  (  =  integrated  uncorrected 


error)  t 
at  15  km 

racker  error  bound  '  0.05 

urad : 

this  is 

0 . 08 

cm  in 

target  plane 

onical  Scan 

for  Acquisition: 

Beam  waist  optimized  for  minimum 
uncertainty  in  search  area  is  13m 

acqu  i 
X  13m, 

s i t ion 
SNR  =  2 

t  i  me 

=  0 

.01  sec  and 

AC  power 

return  at  receiver:  ?.„ 

nL 

=  1.52 

X  10" 11 

V  at 

300 

Hz 

DC  power 

return  at  receiver:  p 

iJC 

=  1.3 

X  io'lxv 

Detector 

Noise  for  it  =  300  Hz:  ?,, 

.  i 

=  6.4 

X  10'11 

or  ?N  = 

Hz 

3.64  x  jo’12 

• 

Hz 

Using  a 

2  Hz  bandwidth  filter  center  at 

300  Hz. 

SNR 

Beam  waist.  optimized  for  reacquisition  time  =  0.02  sec  and  same 

uncertainty  area,  SMP  =  1400. 

Fine  Tracking 


The  SNR  was  inversely  proportional  to  rhe  size  of  'he  search  area. 

Under  the  ideal  control  loop,  the  SNR  is  very  large. 

with  10  urad  control  looo  residual  error  snatch.  area  uncer "a  in ry  i « 
-»  4.5  cm  :n  rhe  targe’’  plane  implying  that  rhe  SNP.  is  s'lll  -ery  good. 
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Figure  5-’  gives 

the 

b  i  c 

error 

probability 

for  ASK  communications. 

Figure  5-3  gives 

the 

bi  r 

e  r  r  o  r 

for  a  given 

SNR.  Figure  5-9  snows  me 

receiver  input  SNP, 

and  Figure 

5-10 

describes  the 

optical  impac t  . 
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exp 
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RMS  Noise  Pover  Density 
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Digital  Retransmission  Relaxes  Burst  Error  Problem 


Figure  5-7.  Bit  Error  Probability  for  ASK  Communications 
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Figure  5-9.  Receiver  Input  SNR:  Tatm  =  102.  Pointing  Error  -  1-urad 
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Operational  Conditions: 


10  cm  Trarsmi t ter 'Receiver 
10*  Atmospheric  Transmission 
35  mU  Pulse  Laser 
10  urad  Pointing  Error 
10  urad  RMS  :<  and  v  lGS  Jitter 


Implies : 

♦  SNR  >  1000  (30  dB) 


♦ 


Pe  <  10 


-10 


♦  Small,  Light-Ueignt  Optics 


-‘.'25 
lor ' 
L  383 


Figure  5-10.  Optical  Impact 
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Maximum  Search/  Acquisition  Tine 


The  baseline  acquisition  svstem  -ill  use  a  <=eque.T'iai  sear-  n  firs''  in 
azimuth  (horizon/  direction  to  1  loved  bv  a  search  in  the  elevation  direction. 
A  1  mrad  dv  2  mead  laser  beam  vi  11  perform  a  uniform  azimuth  scan  at  1  Hz 

;  per  260°  revolution.)  .nil  target  ships'  receivers  viii  be  fitted  vi  'h  a  3 
cm  by  3  cm  retro  reflector  at  tne  center  of  their  receiving  aperture. 
Reflection  frnm  this  mrro  vi  li  function  as  a  friendly  beacon  for 
acquisition  and  tracking.  The  beam  vidth  of  the  retro-reflector  is  about  10 
urac .  The  acquisition  sensors  electronic  bandvidrh  is  assumed  to  be  3UU  Hz. 
Tims.  from  the  instant  the  search  beam  encounters  the  retro,  a  detectable 
signal  above  the  noise  level  vill  reach  its  peak  in  approximately  1  msec. 
Noting  the  time  instant  of  the  return  pulse  peak,  and  the  location  of  searmi 
bean  axis  in  the  search  time  period,  one  could  identify  an  area  0.3  mrad  (in 
azimuth )  by  3  mrad  ( m  elevation)  in  the  target  space  containing  rhe  target 
re'ro.  If  the  azimuth  search  is  limited  to  130°  of  the  horizon,  the  random 
acquisition  time  to  acquire  the  re t ro- re f lec t or  is  approximately  2.0 
seconds.  Next,  the  search  beam  vill  be  focused  down  to  0.3  n.rad  bv  0.3  mrad 
area  and  an  elevation  scan  vill  be  initiated,  again  at  the  i  Hz  rate  (0.9 


r ac  sec.)  Thus,  tne  elevation  scan  viii  be  over  in  5  msec  or  less,  and  the 
retro  -'ill  be  contained  in  a  0.3  mrad  by  0.3  iniad  aiea  in  a  i^novn  direction. 
Hign-bandvidth  fine  tracking  in  that  direction  vill  be  initiated 
immediately.  The  total  acquisition  and  track  initiation  time  is  estimated 
•c  oe  aoout  2.5  seconds  or  less.  Assuming  a  30  mV  tracker  laser,  a  15  km 
range.  a  round-trip  path  t ranzm i * rance  of  10%  and  a  silicon  avalanche 
Dt.fodiode  of  1.5  mm  diameter  as  tne  sensor.  'he  signal  -  to-no:  se  ratio  ar 


e  detector  output  is  estimated  ro  be  50. 


AT  A ‘ s  system  is  being  designed  to  nave  a  maximum  search/ acquisi t ion  time  of 
one  second.  assuming  a  coarse  (-  e5  degrees  azimuth.  -  22.5  elevation) 
indication  of  the  receiver  is  available  to  the  transmitter.  The  coarse 
indication  can  come  from  the  radar  or  the  last  position  of  good 
communi ca t i on . 
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3; 


DA' 


3i.cn  a  type  or  .-ommun ;  vu t  :  (-n  e  ti  .  'he  signal  noise  ra  t :  <>  NF  ! 
determines  -he  hi t  error  pruoan; 1 1 -y .  Simple,  commonly  available  digi'ai 

sys  terns  require  "ne  same  "ball -Dark"  SN'P  for  PE-1'1  .  Di  f  feremes  in 
requirements  are  2  *•->  :  dB. 

6.1  Type/Quan  city  of  Information  to  be  Transferred 

AT.-. '  s  design  provides  ansfer  of  real-time  video-type  information.  In  an 
ideal  situation,  up  to  50u  megabits,  second  of  information  vill  be  able  to  be 
transferred.  Hovever.  there  is  a  cos t - versus - bandvi d th  tradeoff  to  be 
Considered  if  baseband  video  signals  are  to  be  transferred  o-er  a  serial 
communication  link,  because  data  rates  of  several  hundred  megabits  per 
seconc  can  be  expec'ed: 

A  **.  5  megahertz  baseband  video  rate  .<  -  samples 'cycle  :<  8  bits/sample  :<  2 
channels  =  288  megabits/second.  If  encryption,  overhead  and  retransmission 
effects  are  included,  288  megabits  :<  30%  encryption  overhead  x  10%  protocol 
overhead  x  25%  'ransmission  =  0.5151  gigabits  per  second. 

For  these  dara  rates,  the  cost  of  implementing  the  communication  system  can 
oe  significant.  Components  such  as  laser  diodes  jump  in  price  from  the  20 
mezaoits  per  second  system  to  the  502  megabits  per  second  system  by  a  factor 
of  aoout  10. 


An  a-fractive  alternate  is  the  use  of  a  dot  matrix  laser  printer/FAX 
machine.  While  these  tend  to  operate  at  He:Ne  frequencies  of  650  nm  and  not 
500-  nm  vith  information  rates  of  100  megahertz,  vith  minor  modifications 
they  may  provide  the  base  for  a  relatively  inexpensive  demonstration  of  an 
optical  communication  system  transmitter. 

Here,  existing  off-the-shelf  fiber  optic  communication  transmitter-receiver 
pairs  can  be  adapted  for  a  1 ine-of -s igh t  link.  Costs  vary  vith  bit  rate  and 
pover  requirements.  At  the  low  end.  a  10  to  20  Mbps  off-the-shelf  system 
sells  for  approximately  $6K  to  S8K,  while  a  500  to  1000  Mbps 
t ransmi t ter/ receiver  pair  ranges  in  price  from  S10K  to  S20K.  Obviously, 
'his  tradeoff  is  a  factor  the  Navy  vill  want  to  consider  in  deciding  on  the 
actual  Phase  II  prototype.  High  pover  sources  for  commercial  systems 
utilize  20-20  mv.  Fiber  optic  systems  are  easily  incorporated  into  Naval 
applications.  See  Table  6-1  on  the  off-the-shelf  optical  communication 
sys terns . 

6.2  Maximum  Transfer  Time 


ATA's  initial  system  vill  be  designed  for  the  real-time  case 
earlier,  i.e.,  0.5  megabi t/second .  It  vill  not  be  designed  for 
packet  communications  implying  higher  bandvidths,  i.e.,  transfer 
not  be  considered  accounted  for  in  the  retransmission  factor 
earlier. 


d i scussed 
burst  or 
time  vill 
discussed 
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’  n  ^  -xrni3  *  i  '''P.  ''  .1  p  ■>  f'  \  r  ’  .*  »*  rn  *  p  *  •*  ^  *p  rp'ji;  }  i'?'"rr  ^  7  ‘  *■  -j 

v.  s*e?;  f ..)  r  :  n  l  tri.t.  : ii:v:  - :  r.p,a  1 1  "  y  as  a  subsvs  r  or 

aspl :  cat  ions  in  emergency  conci  *  ions  .  The  :  equ i  remer. * :  pr  no-: 
essen*  :a-  *ypes  ot  mtornac  ion  re  reseat  y  to  ae  transr; * *ec  :>er 

The  signal  informal  ion  oandvidrh  -'ill  be  2,A-5<"'  negariei'r.  A  25a  •<  25a  array 
of  3-o:  f  pixels  i[  times  per  second  provides  a  2'.’  n.egaoi  ’  second  rate. 

"nip  co-snip  romnninicacion  for  na**ie  *  ime  si  Mia t  ions  nav  require  secure 
information  excnange  among  a  fleet  of  snips  virh  1  i  *  *•  I  e  or  no  delay . 
Information  such  as  radar  images,  battle  plan  update  charts,  directives  and 
vocal  communicat ion.  and  ship  :ompurer  networking  gi.es  rise  to  a  nigh  data 
rate  optical  i:ne-ot-sighr  * : ansmi t  ter -receiver .  For  real-time  transmission 
of  this  type  of  information,  data  rates  derived  from  "he  fc 1 loving  kinds  of 
da*a  transmission  situations  an  be  exp«g<- ted : 

-  5  megabits  per  second  for  10  radar  images/ sec  256  x  256  pixels  x  3 
bi ts/ pixel 

-  2  megabits  per  second  for  1  char*  image' sec  :<  512  312  pixels  :<  3 

bi ts/ pixel 

-  2  megabits  per  second  rot  1  '  vocal  channels  v  :''"n  Hz  x  5  3 

b  i  t  s  /  s  a  m  p  1  e 

-  2  megabits  pet  second  tor  1  1  - 1' 1 . 2  k  band  computer  connections  a* 
19.2  K  bound:  V)%  tor  encrypr  ion  plus  I'J’i  protocol  overhead. 

In  total,  20  megabits  per  second  is  a  reasonable  bit  rate  *o  Tansmit  this 
quantity  of  information,  using  a  2b‘;  rate  o.  retransmission  due  to  any 
er cored  transmissions. 

6.-*  Maximum  Error  Rate  ot  the  System 

Standard  communication  practices  require  that  the  maximum  error  rate  will  be 

-6 

one  in  a  million  or  10  .  This  rate  was  derived  from  the  equations  given  in 

section  2 . a  1.2. 

6.5  Naval  Tactical  Data  Systems  (NTDS)  Data  Transfer 

The  digital  controller  will  handle  starring  and  s  topping  data  flow  across 
the  channel  and  will  request  a  retransmission  as  necessary  as  veil  as 
retransmit  requested  data.  ATA  vill  vork  vith  the  customer  to  provide  the 
protocol  and  encryption  technology.  NTDS  compu t er  -  r o- compu r er  connections 
can  be  accomplished  vith  a  very  high  bandwidth  t ransfer/ common i cat  ion  link 
established  for  implementing  a  fleet  command  post  in  a  single  chip  command 
room.  Multiple  links  could  be  established  for  networking  each  ship  to  the 
control  command  center. 
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A  I  Boards 

'  i  _  5 

prototype 

500^' 

D  A  Boards 

0 . 3 

1 2  "  x  1 2  "  x  1 2  " 

5000 

Fewer  Supply 

Conner  tors 

total 

5000 

Steppe:  Motor 

Con  t  roller 

0.5 

2000 

'T'-  oe  supplied 

The  thermal  control  scanner ,  vhicr.  is  a  driver  for  the  fast-steering  mirror, 
is  ava:  lacle  for  $625.00  for  moaei  G325DT.  The  G300  senes  of  fast-steering 
"•errors.  I.-.  2''-,  and  3C-null  lmeter  size,  range  in  price  from  $350.00  to 
.  Both  'he  scanner  and  tne  fast-steering  mirrors  are  available  from 
ienera.  Scanning  In<. . 

Ranging  by  cost  alone  at  this  point  in  *he  effort  provides  a  reasonable 
approach.  Most  of  tne  variation  in  po in ting-and- tracking  subsystem 
performance  is  due  to  overall  configuration  of  the  subsystem,  not  specific 
implementation.  The  implementation  having  the  lowest  cost  was  designated  as 
tr.e  low-cost  point  ing-and-t  rack  :ng  subsystem.  It  is  the  design  of  this 
- ..  trsvs'eir  which  is  the  principal  result  of  this  effort.  It  is  this  design 
wr.'r.  will  be  developed  and  implemented  in  Phase  II  of  the  effort.  Table  ?- 
2  gi  es  some  of  the  approx:mafe  costs  ;o:  the  Phase  II  effort. 

Table  "2.  APPROXIMATE  COSTS  FOR  PHASE  II 


TASK  LABOR  ( $K  j  HARD •nP.E  ( $K ) 

Computer  Models 
Atmospheric  Issues 
Ship  Motion 

Tracking  Demonstration 
Glint  Returns 
Acquisition  Demonstration 
Communication  Demonstration 

TOTAL  S360K  $13r'K 


.  hese  estimates  will  be  defined  m  greater  detail  in  our  Phase  II  proposal. 
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